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PLASMA SYNTHESIZED NANO-ALUMINUM POWDERS
Structure, thermal properties and combustion behavior
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The plasma electro-condensation process was used to synthesize nano-sized aluminum powders. Adding different chemicals modi-
fied the physical and chemical properties of these powders. To characterize the nano-sized powders, X-ray diffraction, TEM, BET
analyses, and simultaneous TG/DSC analyses were performed. TG/DSC analyses revealed a dramatic degradation of the aluminum
oxide layer after storage of the aluminum powder in air for a period of several months. The burning rate of the model solid propel-
lant with nano-sized aluminum was experimentally examined. The combustion behavior of nano-sized aluminum will be presented
and will be compared with the combustion behavior of the micron-sized powders.
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Introduction

In the past, the transition from the millimeter-scale of
particles to the micrometer-scale was of interest,
whereas nowadays the nano-sized components are of
interest in order to achieve high performance in
rocket propellants and pyrotechnics. Nano-aluminum
represents an example of such a material. It is ex-
pected that in comparison with the micron-sized parti-
cles, nano-sized aluminum powder will increase the
burning rate, and will considerably decrease the ag-
glomeration enhancing the specific impulse of solid
rocket propellants. Metal particle agglomeration at
the combustion surface is considered to be a reason
for the metal particle ignition delay, chemical incom-
pleteness of combustion, and the total efficiency
losses. Experimental data show that the burning rate
is strongly dependent on the component’s sizes, and
could be increased considerably by going down in
size to the nano-scale [1-6].

Aluminum nano-particles can be prepared using a
variety of techniques, including dynamic gas conden-
sation [7], the cryomelting process [§8], and by the
plasma explosion process [9]. A thin native aluminum
oxide layer on the nanoparticles occurs in air. This pas-
sivating oxide layer prevents fast aluminum oxidation
during combustion, as well as agglomeration prob-
lems. To increase the reactivity of the oxide layer, dif-
ferent types of doping materials were used (Zn, Cu, Ni,
Cr, Zr, alkali-earth metals, etc.). Characterization of
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the particle diameters, size distributions, oxide layer
thicknesses, morphology of the particles, thermal be-
havior, and combustion parameters is important in pre-
dicting performance for specific applications. This pa-
per reports on the experiments and the evaluation of
the oxidation of nano-aluminum synthesized by the
plasma electro-condensation technique. Different
types of nano-aluminum powders are investigated, i.e.,
barium-doped nano-powder, benzine and silicon rub-
ber stabilized powders. Barium-doped nano-aluminum
is studied as received and aged during several months.
Comparison of thermal and combustion behavior is
made to the conventional Al micron-sized powder.

Experimental
Materials

Micron-sized aluminum powder with a spherical par-
ticle of average diameter of 10 um was used as a ref-
erence powder and as a precursor for the plasma-syn-
thesis process, which results in nano-sized Al powder.
During the plasma-synthesis process, the argon gas
flow delivers the precursor powder with additives to
an argon-filled reactor, where aluminum powder
evaporates in a high-temperature plasma zone. De-
tails of the plasma-synthesis process have been re-
ported elsewhere [1]. To increase the aluminum
chemical reactivity, 1.5 at% of barium, which is
equivalent to 7.5 mass% Ba, was added to the green
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Table 1 Composition, specific surface, and active aluminum content of the investigated as-received samples

Sample Composition mass/%

Specific surface/m* g™ Active Al content/%

Al+7.5% Ba
2 Al+1.5% benzine
Al+1.5% silicone rubber

22.7 70.0
9.1 88.3
9.1 75.0

Table 2 Aging periods of the investigated nano-powders

(sample 1)
Sample  Composition Aging period/months
1 Al+7.5% Ba As-received
1.1 Al+7.5% Ba 3
1.2 Al+7.5% Ba 4
1.3 Al+7.5% Ba 4
1.4 Al+7.5% Ba +Pt-foil 4

powder mixture. Subsequent condensation of metal
vapor represents nano-sized aluminum powder fabri-
cation. For the current research three types of
nano-particles were produced and investigated (Ta-
ble 1). Samples 2, 3 contain stabilizing compounds,
which were added after condensation.

Additionally, nano-aluminum powder contain-
ing 7.5% Ba was aged at 69% relative humidity, as
listed in Table 2. The thermal behavior of aged sam-
ples was monitored continuously throughout the pe-
riod. Different heating rates were applied to study the
thermal behavior of samples 1.2 and 1.3, i.e., 10 and
2°C min"', respectively. Special experiments were
performed to study the process of the nano-aluminum
oxidation in the presence of Pt-foil to study the oxida-
tion catalysis in a nano-sized powder.

Methods

Wet chemical analysis was performed to find the
amount of active aluminum. It is a selective reaction
between aluminum and water in the presence of so-
dium hydroxide. From the volume of hydrogen mea-
sured by displacement of water in a burette, the
amount of active metal is calculated.

The Brunauer—Emmett-Teller (BET) method
was used to determine the specific surface area [10].

X-ray diffraction patterns were obtained at room
temperature using a Rigaku ‘Geigerflex’ X-ray
diffractometer, employing CuK, radiation. Samples
were finely ground; the diffraction angle of 20 was
scanned at a rate of 2° min . The average particle size
was calculated by using the Sherrer’s equation.

Transmission electron microscopy (TEM)
microanalysis (JEM-2000 EX-II) was used as an inde-
pendent method for characterization of the chemical
composition and particle morphology. Analyses were
performed at acceleration voltage of 200 kV. Various
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electron microscopy methods — bright- and dark-field
TEM and microdiffraction were applied.

TG/DSC experiments were carried out using a
Netzsch Simultaneous Thermal Analyzer STA 409.
Experiments were conducted in static air. Approxi-
mately 10-20 mg of sample and reference material
(a-AlyOs3) were placed in separate alundum crucibles.
Heating rate studies were conducted; samples were
heated from 20 to 1100°C at 2 or 10°C min . Calibra-
tions of TG mass, DSC baseline, and temperature
were conducted before the experiments.

The experimental investigations of burning rate
and combustion of stoichiometric compositions of alu-
minum with ammonium perchlorate (AP) were con-
ducted using a constant volume bomb pressurized with
nitrogen. Samples were pressed tablets made of mi-
cron-sized ammonium perchlorate mixed with (7) mi-
cron-sized aluminum (sample 4), (i7) aged Ba-doped
nano-aluminum, and (iif) benzine or silicon rubber sta-
bilized nano-aluminum. The relative density of pellets
was 90-98% of theoretical maximum density. The size
of the pellets was 8 mm in diameter and 10—15 mm in
length. Three cylindrical tablets were glued together to
form one sample to increase the measurement accu-
racy. Data from three different experiments were aver-
aged. In order to produce linearly burning tablets, the
sides of each sample were inhibited with two-part ep-
oxy. An electric match was taped on the top of the igni-
tion mixture, which was painted onto the top of the
sample. The calculated average accuracy of the burn-
ing rate measurements is £5%.

The ignition was conducted using an electrically
heated Ni—Cr wire set on top of the pellet. The com-
bustion wave propagation was recorded with a video
camera through a transparent quartz window. A data
acquisition board L-154 was used to collect the mea-
suring data to PC.

Results and discussion
Chemical purity, particle size and morphology

Table 1 presents the BET specific surfaces and the ac-
tive aluminum contents of the investigated powders.
As revealed by X-ray analysis, sample 1 contains the
only one crystalline phase — aluminum metal. Consid-
ering the immediate reaction of barium to form an ox-
ide layer BaO in air, barium oxide and barium were
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Fig. 1 X-ray diffraction pattern of sample 1 (nano-aluminum
powder doped with 7.5 mass% Ba, as received)

expected to be present in the sample. Nevertheless, no
indications of any crystalline Ba compounds were
found, which is shown in Fig. 1. The active Al content
is 70% (Table 1), therefore, 30% of as-received pow-
der is supposed to be amorphous material comprising
alumina and barium oxide. The average sizes of Al
nanoparticles, determined from XRD line broaden-
ing, were 45 (111), and 41 nm (200).

The nano-sized Al particles were visualized by
TEM. A picture from sample 1 is shown in Fig. 2a, and
the particle size distribution calculated from twelve
TEM images is plotted in Fig. 2b. The particles are ide-

Particle fraction %

23 43 63 83

ally spherical with a Gauss particle-size distribution re-
vealing an average particle diameter of 43 nm. Assum-
ing that particles within a particular size fraction are
coated by a passivating oxide layer of the equivalent
thickness (ARy), the AR, value was found to be 3.3 nm,
which is close to the literature value of 2 to 4 nm
[11-13]. Note that according to Auger spectroscopy,
the real structure of the passivating oxide layer on the
surface of an Al particle at room temperature is more
intriguing. Under the aluminum oxide layer of about
3 nm thickness, a transition layer of about 10 nm thick-
ness was detected, where the aluminum oxide mole-
cules were found along with the Al metal atoms.

TG-DSC results

As-received powders

TG scans of as-received aluminum nano-powders in
static air are shown in Fig. 3a. Initial mass loss due to
adsorbed moisture of a few percent is seen below
300—400°C. Smaller particles of doped nano-alumi-
num would be expected to react at temperatures of
450°C, where the slow mass gain starts. The mass
gain for sample 1 increases dramatically around
510°C: nano-particles oxidize very fast, in a regime
similar to a thermal explosion. Indeed, the oxidation
rate (DTG) for sample 1 is quite high, whereas for the

103 123
Particle diameter/nm

143

Fig. 2 TEM images of sample 1 (nano-aluminum powder doped with 7.5 mass% Ba, as received) with the particle size distribu-
tion obtained by TEM. Bar at the TEM image corresponds to 50 nm
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Fig. 3 a— TG and b — DTG traces of as-received aluminum powders showing rapid mass gain above 500°C for doped powder:
sample 1 — Al+7.5% Ba, 2 — Al+1.5% benzine, 3 — Al+1.5% silicon rubber and 4 — micron-sized Al
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Table 3 TG results of aluminum nano-powder oxidation

Sample Heating rate/°C min”' Ti/°C Tmax/°C m/% my A% T, /°C m*/% m;]/%
1 10 516 527 12.97 20.89 820 17.6 28.35
1.1 10 512 567 14.47 23.31 640 45.25 72.89
1.2 10 530 580 27.79 44.76 666 51.43 82.85
1.3 2 490 540 30.81 49.63 636 52.78 85.02
1.4% 10 495 540 41.13 60.00 - - -

2 10 530 566 6.65 8.49 650 24.51 31.28
3 10 560 580 8.12 12.21 831 19.15 28.78
4 10 571 610 1.09 1.65 825 7.09 11.88

*sample was fast cooled at 630°C
samples 2, 3, 4 this value is much lower, as illustrated 60.

Fig. 3b. Noticeable oxidation of micron-sized alumi-
num (sample 4) starts above 800°C.

Table 3 summarizes TG results, i.e., the first oxi-
dation onset temperature (77), the maximum oxida-
tion rate temperature (7ax), the mass gain at the first
peak (m), the amount of active metal reacting at the
first oxidation step (1), the onset temperature for
the second oxidation step (73), the total mass increase
(m*), and the amount of active metal reacting at tem-
peratures below 1100°C (m,,). The total amount of
oxidized aluminum m,, of as-received nano-alumi-
num samples is found to be equivalent for as-received
nanopowders (about 30%), but the thermal behavior
of these powders is completely different. Indeed,
sample 1 shows the very fast one-step oxidation at
510°C, followed by a TG-plateau until 950°C,
whereas samples 2, 3, continuously react slowly with
oxygen upon increasing temperature.

The fast oxidation of nano-aluminum doped with
Ba at 510°C could be attributed to rapid diffusion of
oxygen through the oxide layer after barium oxide’s
fast exothermical oxidation to form barium peroxide
[14]. Arising considerable structural changes along
with the additional heat release, may cause the oxide
layer to crack at this temperature, thus causing a rapid
increase in oxidation.

Assuming that after the first oxidation step (be-
low the melting point 660°C) a ‘new’ passivating ox-
ide layer on the particles of sample 1 has an equiva-
lent thickness (AR;) for the particles within a particu-
lar size fraction, the AR, value was calculated to be of
2.0 nm. Thus the total oxide layer thickness is 5.3 nm.

Aged nano-aluminum doped with Ba

Nano-aluminum powders doped with barium were
aged at room temperature and 69% relative humidity
in air using a closed can. The aging process of four
months was followed using a TG/DSC thermal analy-
sis. Results are compared in Fig. 4, where TG and
DTG curves are presented. After 3 months of aging,
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Fig. 4 a— TG and b — DTG traces of Ba-doped nano-alumi-
num showing the differences in the oxidation rate of
Al+7.5 mass% Ba: sample 1 — as-received, 1.1 — aged
for 3 months, 1.2 — aged for 4 months, 1.3 — aged for
4 months, heating rate is 2°C min™', 1.4 — aged for
4 months with Pt-foil doped powder:
sample 1 — Al+7.5% Ba, 2 — Al+1.5% benzine,

3 — Al+1.5% silicon rubber and 4 — micron-sized Al

the doped nano-aluminum (sample 1.1) oxidizes con-
tinuously and the total amount of reacted metal
(72.89%) is much higher than that of as-received sam-
ple 1. This indicates that an aluminum oxide layer
degradates during storage dramatically, which could
be caused by active interaction between barium oxide
and humid air components.

Further storage of doped nano-aluminum (sam-
ple 1.2) leads to increasing of the oxidation rate, and ob-
vious appearance of the second oxidation step at tem-
perature around 800°C, which is shown in Fig. 4b. To
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Fig. 5 TG-DSC-DDSC traces of Ba-doped nano-aluminum aged
for 4 months (sample 1.3). Heating rate is 2°C min ™'

study the first oxidations step in more detail the
TG/DSC experiment was repeated with a lower heating
rate of 2°C min . Figure 5 shows that the exothermal
peak of the first oxidation step is formed by overlapping
of several peaks; the temperature of 561°C corresponds
to the bending point, as was found by DDSC analysis. In
this sample particles that are larger or have thicker oxide
layers oxidize later than smaller ones.

To study the chemical composition of the first
oxidation step products, sample 1.2 was heated up to
630°C and than cooled very fast. Using a computer
code ‘Phan%’, the crystal phase of the reaction prod-
uct was found to comprise 59.7% of metal Al, and
40.3% of y-Al,O;. The amounts present were quanti-
fied by thermogravimetric and X-ray diffraction
methods and are presented in Table 4.

It seems, therefore, that the aging of Ba-doped
nano-aluminum powder in humid atmosphere in-
creases its oxidation rate at temperature around 500°C.
This fact reflects the degradation process of the passi-
vating oxide layer covering the nanoparticles.

Pt-catalyzed oxidation

As an oxidation catalyst, a platinum foil was used be-
ing crushed to form pieces and mixed with the powder
to be investigated. Figure 4a shows TG results of the
catalyzed nano-aluminum oxidation (sample 1.4). At
temperature of 540°C a very fast ‘thermal explosion’
reaction is observed; the mass increase being found to
be 41.13%, which corresponds to the oxidation of
60% of the active metal. The heat release at this par-
ticular temperature is extremely high —11.4kJ g'. To
study the melting of nanoparticles below 660°C, the
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Fig. 6 Pressure history for the investigated compositions AP/Al
with the different Al powders: sample 1.1 — Al+7.5% Ba,
aged for 3 months; 1.2 — Al+7.5% Ba, aged for 4 months;
2 — Al+1.5% benzine; 3 — Al+1.5% silicon rubber; 4 — mi-
cron-sized Al. The initial pressure of nitrogen is 4 MPa

heating process was interrupted at 630°C, and the
sample was fast cooled down to room temperature.
No changes in the platinum foil were detected, indi-
cating the catalytic character of the activated oxida-
tion, and the absence of liquid aluminum on the sur-
face of nano-particles at temperatures below the bulk
melting temperature.

Obviously, the catalyzed oxidation regime needs
to be further investigated in detail, because of the great
interest for the solid propellants combustion, where the
condensed phase temperature is close to 400-500°C.

Combustion behavior

The burning rate at initial pressure of 4 MPa was mea-
sured in a nitrogen atmosphere by two independent
techniques, i.e., analyses of the pressure history, and
digitized video-images.

Pressure histories are presented in Fig. 6. They
show that the internal pressure for samples with
Ba-doped nano-aluminum is built up four times faster
than for samples with nano-aluminum, stabilized with
benzine and silicon rubber; and about ten times faster
than that of the samples with conventional mi-
cron-sized aluminum powder. Figure 7 shows the av-
eraged U values for investigated samples. The use of
Ba-doped nano-aluminum (samples 1.1 and 1.2) in-
stead of micron-sized metal (sample 4) results in a
burning rate increasing from 3.7 to 42.0 mm s . The
use of the benzine (sample 2) and silicon rubber (sam-
ple 3) stabilized nanopowders leads to a burning rate
increase of about two times, as shown in Fig. 7.

Table 4 X-ray analysis and TG results of aged aluminum nano-powder oxidation (sample 1.2)

Temperature/°C Active Al content/% Amorphous phase content/% v-ALO3/% a-ALOs/%
20 (XRD) 70 30 - -

630 (XRD) 41.8 30 28.2 -

630 (TG) 38.7 in total 61.3 (crystallinity could not be defined)

J. Therm. Anal. Cal., 86, 2006
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Fig. 7 Burning rate of stoichiometric compositions of 76% am-
monium perchlorate and 24% aluminum with the different
Al powders: sample 1.1 — Al+7.5% Ba, aged for
3 months; 1.2 - Al+7.5% Ba, aged for 4 months;
2 — Al+1.5% benzine; 3 — Al+1.5% silicon rubber; 4 — mi-
cron-sized Al. The initial pressure of nitrogen is 4 MPa

Conclusions

The present experiments provide the first comparison
between the thermal behavior and combustion of dif-
ferent types of plasma-synthesized nano-aluminum
and conventional micron-sized aluminum particles.
Ba-doped nano-aluminum was found to have an aver-
age particle size of 43 nm, and an ideally spherical par-
ticle shape. Experiments show that the thermal behav-
ior and combustion parameters of nano-aluminum are
strongly dependent on the compounds being used dur-
ing the particle fabrication process. Additionally, the
considerable changes in the chemical activity of
Ba-doped nano-aluminum were found during the pow-
der storage, resulting in the oxide layer degradation.
Out of the studied series, the most suitable se-
lected aluminum is Ba-doped powder, which is aged
for 4 months, because of its high oxidation rate in air
under heating, its high conversion degree in the tem-
perature range 20—1100°C, and its considerable burn-
ing rate enhancement for the samples with ammonium
perchlorate. Moreover, the process of Ba-doped
nano-aluminum could be catalyzed by platinum
metal: at temperature of 540°C a dramatic one-step
oxidation of 60% of the active metal was found.
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