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Abstract

Aluminum powders are commonly used in solid propellants to enhance the
performance of space propulsion systems. During combustion, a fraction of
the fuel metal particles, which emerge from the bulk, tends to merge into
aggregates. These structures eventually leave the combustion surface in the
shape of partially molten agglomerates which can reach the size of hundreds of
microns. These condensed combustion products partake in nozzle expansion
and hinder the delivered specific impulse of the rocket unit. The enhancement
of original particle reactivity improves combustion quality and may reduce
sensibly agglomerate size and relevant losses.

More reactive aluminum fuel can be obtained by activation of micron-
sized powders, without resorting to the use of nano-metals. One of the
methods consists of a chemical treatment with a processing solution which
alters the standard oxide layer at the surface of the particles. Such modifi-

cations grant lower ignition temperature and faster propellant burning rates
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but deplete a fraction of the active metal content, as a result of the chemical
reaction.

The present paper compares the features of three batches of aluminum
particles which were treated with fluorine-based activating solutions of dif-
ferent concentration. The batches were supplied in the frame of HISP FP7
European Project. The characterization focused on physical, chemical and
thermal properties, looking at the reactivity of the samples and at the alter-
ations introduced by the chemical processing. Finally, activated aluminum
batches were tested in lab-scale propellants, monitoring the variation of bal-
listic properties with respect to a reference formulation.

Keywords: aluminum particles, chemical activation, reactivity, solid

propellant, metal fuel

Nomenclature

Acronyms XRD X-ray diffraction
BET Brunauer-Emmett-Teller Greek symbols

DTA Differential thermal analysis a Degree of transformation
ESD Electro Static Discharge Az Variation of x

FCC face-centered cubic p Density, g/cm?

SEM Scanning electron microscopy Roman symbols

TGA Thermal gravimetric analysis Cai Active metal fraction

TMD Theoretical mean density Dy Mass-mean diameter

M k
XPS X-ray photoelectron  spec- o ass, K6

troscopy rp Burning rate, mm/s



p Pressure, bar p Propellant

Subscripts and superscripts
zK Ref. to the temperature of z

in Initial condition Kelvin

1. Introduction

Gravimetric and volumetric specific impulse of solid rocket motors can be
enhanced by using energetic additives [1-3]. Among the others, Aluminum
has been adopted in solid space propulsion for decades, in the shape of micro-
metric metal powders, thanks to its appealing energetic content (30 kJ/g),
stability in time, non-toxicity, and relatively low cost. Typical particle sizes
range from 5 to 50 microns |4, 15].

A fraction of the metal embedded in a propellant tends to aggregate and
agglomerate during combustion. Drops of molten aluminum with an oxide
cap leave the burning surface [6, [7]. These condensed combustion products
generate a multiphase flow which expands through the nozzle. Performance
losses are the order of 2-5% of the ideal specific impulse, depending on size
and amount of the particulate |8, 9]. In this respect, the improvement of
metal fuel ignition and combustion is envisaged in order to obtain finer ag-
glomerates, or no agglomeration at all |3, [10].

Aluminum particles are covered by a natural oxide layer, as soon as they
get in contact with oxygen-containing environments. This passivation shell
represents a strong shield against further degradation by the atmospheric
oxygen. At the same time, it represents an obstacle to reactivity. Under
burning conditions, ignition occurs when the passivating alumina shell fails,
enabling fast oxidation of the metal core. The melting temperature of the

oxide layer (about 2300 K) is necessary to trigger the combustion, when par-



ticle size is in the order of tens of micrometers. Nevertheless, values as low
as 1300 K were recorded in presence of some kinds of active media (namely,
combustion products inside rocket core flow) ] Ignition temperature is be-
low 900-1000 K, for nanometric powders. Particles take advantage of sample
specific surface and active coating layers, if any [12].

Literature data agree on the fact that the use of nanometric particles
in propellants improves ignition and combustion properties, preventing from
large agglomerates Jj However, the reduction of particle size introduces
some drawbacks. The relative amount of aluminum oxide with respect to the
total particle mass can become relevant in the nanometric range, since the
thickness of the oxide layer (about 2.5-3 nm) does not scale with particle
size |16]. The consequent reduction of the active metal content depresses the
available oxidation enthalpy and, in turn, propulsion performance (namely,
ideal specific impulse). Moreover, mixing and casting of a propellant con-
taining nanometric ingredients may represent a technological issue due to
high viscosity, reduced pot life, ESD (Electro Static Discharge) and impact
hazards as well as cost of the manufactured compound ]

Specific activation processes can be performed on metal particles to im-
prove ignition and combustion properties, without decreasing the diameter
to the sub-micrometric range. Mechanical ball milling, coating with properly
chosen metals, or chemical weakening of the external oxide layer represent
some examples. Mechanical milling operates a modification of particle mor-
phology by high-energy impact with processing spheres. Synthesis of amor-
phous powders, structure change, production of metal-ceramics, or inclusions
of reactants (metal oxides or fluorides) can be achieved B |. Coating of
particles through deposition of metals can improve ignition and combustion

properties, such as for magnesium-coated boron ] The weakening of



the oxide shell can be pursued through chemical treatment. A complex fluo-
ride acts as solvent for alumina, lowering the melting point of the protective
aluminum oxide layer as well as accelerating the diffusion of gaseous oxidizer
towards the metal core [25, [26].

The present paper focuses on the effects produced by a chemical activation
process. Aluminum powder treated with three different activating solutions
of varying concentrations are considered. Physical, chemical, and thermal
characterizations, typically applied to nanometric powders, are performed
to evaluate reactivity and final quality of the material |13, 27]. Comparison
with original non-treated micron-sized Al as well as with some representative
literature data for nanoaluminum and microaluminum is carried out. Com-
bustion analysis of solid propellant samples containing activated powders are

presented.

2. Experimental

Three batches of activated aluminum powders (A-Al01, A-Al02 and A-
Al03) have been produced, following a procedure similar to the one described
by Hahma |25, 28]. The initial aluminum was Valimet H3 powder (batch 07-
8002). The producer rated 99.0% of minimum metal content and particle
size of 4.5 pum [29]. The activation process was accomplished by a fluorine-
based solution, whose concentration was varied to modify the strength of the
treatment. The batch A-Al01 was assumed as reference for the processed
family. The concentration of the solution was the half for A-Al02 and 1.5
times for A-Al03. Powder processing was conducted at FOI (Swedish Defence
Research Agency), as part of the HISP (High Performance Solid Propellants
for In-Space Propulsion) FP7 project.

The characterization tests of the powders comprised laser granulometry,



SEM, XRD, XPS, evaluation of the active metal content, and TGA/DTA
scans. Different composite solid rocket propellants were compounded and
their ballistic properties were experimentally tested. Moreover, the contrac-
tion of ideal performance, following the depletion of metallic aluminum dur-

ing activation, was monitored by means of thermochemical analysis [30)].

2.1. Physical characterization

SEM micrographs, reported in Figure [II show a comparison between
Valimet H3 and all activated batches. Particles appear mainly spherical.
The external surface is smooth for the original powders and rough for the
processed ones. The activated particles also feature some irregular deposits,
not present in the original material, whose size seems to follow the concentra-
tion of the activating solution. Namely, the spots covering the A-Al03 surface
reach the size of about 100 nm, whereas smaller dimensions are observed in

the other cases. A precise estimation is difficult to supply.
[Figure 1 about here.|

Particle size was measured by means of a Malvern Mastersizer 2000 using
air dispersion with Scirocco dry unit. Mass-mean diameter D, 3, span of the
distribution, and evaluation for the specific surface, derived from geometric
considerations, are reported in Table [l Valimet H3 and activated powders
do not demonstrate appreciable differences. All particles have a comparable
mass-weighted diameter ranging between 5.1 and 5.5 ym and similar distri-
bution shape and relevant span. For all activated powders, mean particle
diameter grows few hundreds of nanometers. Representative distribution

plots are reported in Figure 2] for A-Al01 and H3. Reduction of the particles



Table 1: Parameters for physical particle characterization. Literature data of ALEX™ and ASD-4 are reported for reference. Specific

surface areas derive from both BET method and particle size analysis.

Id. H3 (baseline) A-Al01 A-Al02 A-Al03 | ALEX™ ¢ ASD-4°
Activating solution relative concentration 0 1.0 0.5 1.5 - -

Dy s, pm 5.1 5.9 0.4 5.9 0.1 9.0
Span 1.78 1.66 1.68 1.64 - -
Specific surface area, m?/g (BET) 1.2 2.6 2.2 3.3 11.8 0.38
Specific surface area, m?/g (particle size) 2.5 2.1 2.1 2.0 - -
“Ref.[34]

"Ref.|32]



finer than 1 pum diameter, presumably lost during the chemical process, is

observed.
[Figure 2 about here.|

A more representative evaluation of the powder specific surface is ac-
complished using the BET technique [33]. The estimation is based on the
quantity of adsorbed inert gas on the surface of a sample. The result depends
on both geometric aspect of the particles and on the peculiarities of the sur-
face (namely, roughness) [35]. According to Barret, particle characterization
is accomplished when size, shape and finish are addressed [36]. Bouwman and
co-authors stress on the fact that surface roughness and shape are difficult to
define since their distinction derives, in general, from considerations on char-
acteristic dimensions which, in turn, depend on the observation scale [37).
In this respect, the specific surface measurement using the BET technique
is a condensed and comprehensive value, which includes all contributions.
This kind of analysis has been adopted in the past to characterize fine and
ultra-fine metal powders, also for energetic purposes. The measurement was
considered a reliable index of reactivity |10, [34].

The resulting trend among the tested batches is correlated with the con-
centration of the activating solution. The specific surface from BET analy-
sis is incremented by the activation process. The reference A-Al01 doubles
the specific surface, if compared to the original H3 supply. A-Al02 features
the lowest BET improvement while A-Al03 has the highest value, respec-
tively less-than-double and almost three times the value of H3 batch. Laser
granulometry assessed that the mean diameter of the particles was almost
unchanged by the chemical processing so the variation of specific surface is
attributed to porosity increment. These results are in agreement with SEM

observations.



2.2. Chemical characterization

The quantification of the metallic aluminum in the powder, after the
chemical processing, is performed by hydrolysis. The moles of Hy developed
by samples, once in contact with water, are monitored in time till stabiliza-
tion is obtained. A solution of NaOH (10% concentration by mass) is used
to dissolve the external oxide shell and facilitate the process. Following a

standard volumetric method [38], the assumed stoichiometric reaction is
Al + 3 HyO — Al(OH)3 + (3/2)Hy T +heat (1)

The moles of reacted metal from the evolved hydrogen can be determined.

This chemical activation process has the unwelcome effect to deplete part
of the aluminum from the powder. The metal content of the initial powder
batch was quantified in more than 98%. Tests on activated samples showed
a consistent contraction of the Al content. The decrement was only in part
dependent on the concentration of the activating solution. For the powder
which underwent the strongest activation (A-Al03), only 90% of particle mass
was estimated to be active aluminum. For A-Al01 and A-Al02, the fraction
was around 93%.

X-ray analyses were also performed on the samples. For all the powders,
XRD identified the presence of aluminum only, in face-centered cubic (FCC)
crystalline form, regardless of the activation. The diffraction pattern for the
A-Al01 sample is reported in FigureBl The result indicates that the superfi-
cial chemical treatment did not generate detectable quantities of crystalline
compounds. The samples were further analyzed with XPS, for identification
of surface elemental composition. Different atomic species were introduced
by the activation process, such as fluorine, present with a 13.0% atomic

concentration, boron 3.0%, manganese 2.1% and potassium 1.5%. Among



the identified atomic species there was also carbon 5.4%, oxidized aluminum

17.0% and oxygen 58.0%.

[Figure 3 about here.]

2.3. Thermogravimetric analysis

The effects of enhanced particle reactivity on intensive oxidation onset
and other related parameters were analyzed by means of TGA/DTA in air
at ambient pressure. Scans were performed on 10 mg samples with 10 K/min
heating rate, up to 1273 K (1000°C). As representatives, the scans of A-Al01
and of H3 baseline are reported in Figure Ml using the same scales on the
axes for immediate comparison. Overall results are reported in Table[2l The
DTA trace of A-Al01 shows an oxidation peak, overlapped to the melting
of the aluminum core, in proximity of 933 K. The reaction is forerun by an
initial exothermic release. From the analysis of peak positions for different
activated materials, it appears that stronger activation does not anticipate
the oxidation onset towards lower temperatures. The baseline H3 powder
did not show proofs of fast oxidation in the same range of temperature. This
behavior is in line with past experimental findings, available in the open
literature. The ignition of standard micrometric powders is size-dependent
and, for the range of interest, fast oxidation is expected to occur above 1273
K (1000°C). [39].

The degree of transformation o can be quantified via TGA data. The
value of « represents the fraction of the actual aluminum content in the ini-
tial sample mass m;, which turned into its oxide. The measure is based on the
recorded mass increment Amyga and on the initial active metal fraction Cy
of the respective batch, quantified with the volumetric method described be-

fore. The value of « is computed using equation 2] which derives from simple
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considerations about respective molar masses. Exclusive and stoichiometric

conversion of Al into Al,O5 is assumed.

Amrga 1
0.889 Min CAI

a (Al = AlyOs) = (2)

In consideration of TGA results, the degree of transformation was evaluated
at three reference temperatures and, namely, gz at 933 K for aluminum
melting, agr3r at 973 K once the Al melting peak is over, and aqa735 at the
final scanning temperature 1273 K. A correlation between activation strength
and degree of metal oxidation was missing even though a general increment
of the oxidized fraction was observed at the end of the test for activated
powders.

When DTA/TGA traces for A-Al01 and H3 are compared (see Figure
M), a different rate of weight increment and, as consequence, of oxidation
can be observed. The H3 sample progressively increased its mass during
the whole TGA scan. Rather, A-Al01 showed an abrupt increment during
the exothermic peak, indicating a fast oxidation reaction. However, most of
the metal-oxide conversion occurred while the aluminum core was already in
liquid state, meaning that metal consumption at particle ignition was rather

limited.

[Figure 4 about here.|

2.4. Application in propellants

The influence of powder activation on solid propellant properties was
assessed. Four aluminized formulations based on AP oxidizer and HTPB
binder were produced, using different batches of metal fuel. The same nomi-

nal composition, reported in Table [3, was adopted for the comparison. Three
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Table 2: Parameters for chemical and thermal particle characterization. ALEX™ and ASD-4 properties, available from the literature,

are reported for comparison.

Id. H3 (baseline) A-Al01 A-Al02 A-Al03 ALEX™ @ ASD-4°?
Active metal, % 98.3 £ 0.7 93.9+£0.9 93.7+0.5 90.54+0.5|89 98.5
DTA oxidation peak, K N.A.¢ 934 K 943 K 939 K 876 1093 (onset)
Amgga at 1273 K, % +39 +41 +52 +54 + 66 -
9335, o 8 4 6 5 - 2.5
o735, %o 15 25 17 12 - -
973K, Y0 44 49 62 67 82 41
“Ref.[31]
"Ref.|32]

€Out of the experimental range 298-1273 K



propellants were manufactured by using one of the activated aluminum pow-
ders while the baseline formulation contained the raw H3 non-activated metal
fuel. The characterization activity consisted of the measurement of bulk den-

sity, porosity, and relevant ballistic data reduction.
[Table 1 about here.]

Propellant density p, was assessed by means of buoyancy technique. Its dif-
ference Ap, from the corresponding ideal value (mainly due to porosity) was
evaluated using the formula Ap, = (p, — pia) /prmp. Propellant combus-
tion tests were carried out in a closed combustion chamber, equipped with
automatic pressure control system, in a range between 5 to 40 bar. Burn-
ing rate was assessed through optical technique using the SPLab proprietary
software Hydra. The ensemble of results is reported in Table [ while graphic

comparison of burning rate curves is available in Figure [

[Figure 5 about here.]
[Table 2 about here.]

The use of activated metal fuels improved ballistic properties without in-
troducing peculiar issues for propellant compounding and curing. Low level
porosity was detected. The presence of the activation layer did not interact
with curing processes or generated internal bubbling, at the mixing tem-
perature of 36°C. These observations are in line with binder-fuel viscosity
analyses recently published by the same research group [41]. For combustion
tests, an increase of burning rate in the order of about +20%, with respect to
the original non-activated powders, was observed. The increment was irre-
spective of the type of activation. Only minor differences were found among

the tested lots. The r, pressure dependence increased from non-activated to

13



activated metal fuels, but almost negligible differences were found. Ballistic
data and relevant fittings are reported in Figure[5 The curves for P-A-Al01,
P-A-Al102, and P-A-Al03 are overlapped, suggesting that the different con-
centration levels of the activating solution, tested in this framework, did not

modify the combustion behavior of the propellants.

3. Discussion

The improvement of particle reactivity after the chemical activation pro-
cess is registered by both the increment of the specific surface area (visible
from BET analysis) and by the reduction of particle ignition temperature
below 1273 K (observed in TGA /DTA traces). The improvement of the for-
mer reactivity parameter is caused by the generation of superficial roughness
and is partially responsible of earlier particle ignition. However, the latter
benefits also from oxide layer weakening. It is not possible to weight the
different contributions, so far. In this respect, BET analysis records par-
tially the significant role of the activating solution and the knowledge of the
ignition temperature supplements the characterization.

The activation process caused only a surface modification of the raw ma-
terial. XRD diffraction patterns did not reveal any in-depth modification of
the crystalline structure, being the core still aluminum. XPS data identified
several atomic species, laid by the chemical processing on a thin superficial
layer.

It was verified that the amount of the active metal content was reduced
even down to 90%. This latter aspect becomes crucial from a propulsion
point of view. The enhancement of powder reactivity is performed with the
purpose to reduce metal agglomeration during combustion and alleviate a

fraction of the respective losses. However, such effort may not be worthwhile

14



if the performance gap due to active metal depletion approaches or even sur-
mounts the potential gain for a better combustion and more efficient nozzle
expansion. A quantification of such effect is reported in Figure[@. The ideal
specific impulse for the reference propellant formulation, reported in Table
Bl is computed through thermochemistry [40]. Expected contraction is about
1-2%, depending on activation strength and depleted metal. The reduction
of two-phase flow losses cannot be assessed in this context , nevertheless the
performance detriment is quantified in the open literature as 3-5%. That
is, the improvement delivered by chemical activation of aluminum may be
comparable to the negative effect caused by the contraction of the aluminum

content. Careful evaluation of formulation ingredients is envisaged.
[Figure 6 about here.]

The TGA/DTA scans with low heating rate in oxidizing atmosphere (air
in the present case) indicate the improvement of reactivity for activated alu-
minum particles at high temperature. Exothermic peaks are obtained about
the melting point of aluminum. At the same time sample weight increment is
promptly recorded. Such events are not visible for unprocessed H3 powder,
in agreement with the literature. Available data suggest that fast oxidation
rate should be achieved beyond 1273 K (experimental limit of this paper), for
unprocessed powders having similar size and shape. In general, aluminum
particle ignition, under combustion conditions, is triggered by the disruption
of the oxide layer. This event occurs after the melting of the oxide shell
(around 2300 K) for the micrometric range, or is caused by the expansion
of the particle bulk for the nanometric size [39]. In this case, the exother-
mic peak and the consequent fast oxidation rate from DTA/TGA scans are
overlapped with the melting of the aluminum. It is possible that the oxide

shell, modified by the activation process, cracked at the melting of the bulk

15



and let the oxidation start. Metal consumption was limited by the size of
the powder which did not grant enough specific surface area.

Activated aluminum powders result in intermediate properties, globally
ranking their reactivity above comparable micron-sized aluminum, though
still far from nano-sized particles. Tables [Il and 2l report some relevant lit-
erature data, along with results from the present paper. ALEX™ refers
to a nominally 100 nm aluminum produced by electrical explosion of wire
(EEW). ASD-4 is a micrometric Russian product, comparable to H3 31, 132].
Both powders are naturally passivated by air and are commercially available.
Activated aluminum still have lower initial oxide content than the reference
nanoaluminum but loses 5-8% of metal with respect to the initial ingredient.
Resulting ideal specific impulse data are reported in Figure[@l The tempera-
tures of the first oxidation peak for the A-Al family, detected by DTA/TGA,
are significantly lower with respect to the behavior of micrometric ASD-4
sample and approach the features of the nanometric ALEX™ powder. The
degree of metal-oxide conversion at the end of the TGA scan increments for
samples treated with stronger powder activation and is in the range 50-70%.
Similarly, specific surface area (BET analysis) is incremented with respect
to ASD-4 and H3, but the value is still 5 to 10 times lower than ALEX™,
The burning rate analysis confirms a general +20%, after metal fuel process-
ing. The reader should note that the benefit is five times less than the one
obtained by using an ALEX™ nano-sized aluminum [10].

Finally, experimental findings suggest that only minor differences exist
among the activated powders from the reactivity viewpoint. The BET anal-
ysis identified about +0.5m?/g variation of specific surface area among the
lots, which is rather limited for sensible repercussions. Similar assessments

were highlighted by high-temperature tests. DTA/TGA powder oxidation
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peaks are almost overlapped and the ballistic properties of P-A-Al propel-
lants are very similar. The result is more meaningful if we consider that
heating rates differ from each other in magnitude (10 K/min for DTA /TGA,
and above 1000 K/s for propellant combustion).

4. Conclusions

Chemical activation of metal particles is a technique that fosters reac-
tivity. The process is able to enhance ignition capability and increment the
specific surface area through a solution of varying concentration. Both mor-
phology and chemical composition of the external surface are modified by
the chemical treatment, resulting in increased roughness and enriched with
fluorine-based compounds. The metallic core is unaltered, but a consistent
aluminum depletion reduces the active metal content of about 5-7%, for
tested cases.

For the tested lots, the activation accomplished a general increment of
particle reactivity. The specific surface area was more than doubled and
DTA/TGA oxidation peak was anticipated at the melting of the aluminum
core. However, the degree of metal-oxide conversion at ignition was slow.
Most of the oxidation occurred at higher temperatures. Also the ballistic
characterization confirmed the incremented reactivity. Uniform improvement
of the burning rate was observed for all lots, showing negligible differences
among tested activation strengths.

In general, powder properties obtained after chemical treatment are simi-
lar to the reactivity parameters of finer cuts, but are still far from the behavior
of nano-sized ingredients. Increment in burning rate can be obtained when
these advanced fuels are used in energetic materials. Also reduction of metal

fuel agglomeration is envisaged but has to be proven with specific investiga-
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tions. However, the potential benefits can be weakened or even impaired by

the depletion of the active metal content, which is a direct consequence of

the treatment.
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Figure 1: SEM of virgin and activated aluminum powders. Magnification: 15,000x.
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Figure 2: Granulometric distribution obtained by laser scattering of samples H3 and A-
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Figure 3: XRD spectrum of A-Al01 powder. Aluminum only is detected.
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Table 3: Nominal propellant composition for ballistic analysis (prayp = 1.761g/cm?).
Mixing was performed at 36°C; a tin-based curing catalyst was used.

Ingredient

Mass fraction Notes

Ammonium Perchlorate
Ammonium Perchlorate
Metal fuel

Binder

58%
10%
18%
14%

Coarse: 200 gm nominal

Fine: 10 gm nominal

Aluminum: standard or activated
HTPB-based
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Table 4: Details of propellant characterization. Uncertainty was computed using a 95%
confidence level.

Propellant ~ Powder  p,, g/cm®  Ap, Vieille’s law

P-A-Al01 A-Al01 1.749  -0.7% 1, = (1.28 £ 0.02) p(©-51+0.0D)
P-A-Al102 A-Al02 1.727  -1.9% 1, = (1.35 £ 0.04) p(©-49+0.0)
P-A-Al03 A-Al03 1.734 -1.6% 1, = (1.40 & 0.03) p(0-48+0.01)
P-Valimet Valimet H3 1.749 0.7% 1, = (1.27 4 0.03) p(0-47£001)
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