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Abstract

Aluminum powders are commonly used in energetics materials and it is possible to improve their reactivity by
preparing them as nanopowders. In this article, it is shown that high-energy ball milling can be used to tune
the reactivity of nanoflakes. Several nanopowders are synthesized using three different grinding ball diameters
(5mm, 10 mm and 15 mm). The powders are characterized in terms of morphology, structure and
microstructure. Changing the diameter of the grinding balls results in powders with different characteristics.
Among the three diameters used, an optimum is found for powders synthetized with 10 mm diameter balls:
they possess the highest specific area, the smallest aluminum crystallites and the lowest amount of deformation.
The reactivity of the various nanopowders, evaluated using thermal analysis under air, is shown to be
dependent on both textural and microstructural properties of the powders. Such considerations on the
microstructural properties of nanopowders are of utmost importance in the quest for the best materials for

energetics applications.
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1. Introduction

Aluminum powders are found in various industrial applications from construction to aerospace engineering.
They can be used in the formulation of porous concrete [1], fingerprint detection compounds [2], coatings and
inks [3,4] and hydrogen generation devices [5,6]. Thanks to their high reactivity properties toward oxygen,
they are also widely used in thermites formulations [7,8] , as pyrotechnics or explosive component [9-11] and
as fuel in rocket propellants [12—14]. In those latter applications, the use of nanosized powders is reported to
improve reaction efficiency or, in the case of propellant, to avoid ignition delays. Many elaboration methods
are proposed to produce reactive aluminum nanopowders. Wire-electro-explosion [15—17], plasma process
[18,19], laser or induction heating evaporation [20—22] are the mostly used techniques to produce spherical
shaped nanoparticles. High-energy ball-milling is also a recognized method for the synthesis of reactive
powders [23,24]. In this case, due to the ductility of aluminum, the as-synthesized powders have a flake
morphology.

Regardless their synthesis, the Al particles have a core-shell structure in which a thin oxide layer of alumina
passivates the metallic aluminum core. This protective shell, which is initially amorphous, has been reported
to play an important role in the low heating rate regime of oxidation. Indeed, in the early 2000, the oxidation
of aluminum micrometric powders has been shown to be a stepwise mechanism governed by the polymorphic
transitions occurring in the alumina shell [25,26]. The reactivity of aluminum powders is commonly studied
by means of thermogravimetric analyses (TGA) under oxidative atmosphere (Air, Oxygen) and several criteria
were introduced [27,28] to quantify and compare the reactivity between samples. Figure 1 shows typical TGA
curves obtained for spherical powders in the same experimental conditions and having different particle sizes
(micrometric and nanometric). It can be observed that the mass gain versus temperature undergoes several
steps whose height depends on the size of the particles. The onset temperature of the first oxidation step (T1),
the mass gain at the first step (M1) and the total mass gain at the end of the oxidation process (M) can be used
to compare the reactivity of the powders. It is generally admitted that, for low heating rates, M is higher for
nanopowders, which is of interest for enhanced combustion properties [12,14,29]. Consequently, due to the
higher proportion of alumina in the nanopowders, M is lower for nanopowders. It is thus mandatory for
applications in propellants to find a compromise between the gain in reactivity brought by the size reduction

and the higher amount of alumina which could limit the combustion capacity.
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Figure 1: Example of thermogravimetry analyses performed up to 1500°C on micro- and nanopowders having a sphere
morphology. The various quantities that are used to compare the powder reactivity are shown on the graph. Tz is the temperature
of the first oxidation step, M1 the mass gain at the first step and Mot, the total mass at 1500°C, i.e. at the end of the oxidation

process (adapted from ref [29]).

The relationship between T: and the particle size is not so straightforward and seems to depend on the
morphology. Indeed, no major changes in T1 have been clearly evidenced in the case of spherical powders
[29]. At contrary, for particles with a flake morphology, a lowering of T; is observed when the particle size
decreases [30]. This may be of interest for applications since lower Ti could result in lower ignition
temperatures. There is thus still a need for a better understanding on the relationship between the above defined
criteria and the powder characteristics in terms of shape, size, structure and microstructure.

The aim of the present contribution is to understand how texture and microstructure act on the reactivity of the
powders in the case of nanoflakes. This is done by studying three different powders which have been
synthetized by high energy ball milling using different diameters for the grinding balls. The as-synthesized
powders are first characterized in terms of texture (morphology, size distribution and specific surface area)
using various complementary techniques ranging from gas adsorption up to transmission electron microscopy

(TEM). The microstructure is analyzed by means high-resolution TEM and X-ray diffraction. Finally, the



reactivity of the powders and their oxidation behavior is discussed according to the textural and microstructural

characteristics of the powders.

2. Methods

2.1. Sample preparation

Aluminum powder from Alfa Aesar (purity 99.8%) was used as the starting material. Milling was performed
with a high-energy planetary ball mill (P4 Fritsch) using vials and balls made of stainless steel. The rotation
speeds of vials and plateau were fixed to 800 rpm and 400 rpm respectively. They were moving in opposite
directions. Paraffin oil was added into the vials in order to minimize cold welding and to increase the milling
efficiency [8,31,32]. According to previous optimization procedures [24,30], the total milling time was fixed
to 16h by alternating 10 minutes milling and 2 minutes of rest. Such a total milling time is sufficient to reach
the steady state as confirmed by several authors [33,34]. Air introduction during the milling is a key factor to
obtain reactive aluminum powders with high specific surface areas [24]. In this work, dry air was directly
introduced inside the bowl using special lids with valves. The air was renewed in the vials every hour of milling
as proposed in [24]. In order to investigate the influence of the ball diameter onto the resulting powders, 3
different ball diameters were used: 5, 10 and 15 mm. The same powder to ball mass ratio (also called charge
ratio) equal to 1:16 was used for all millings. In the following, the synthetized powders are labeled according

to the ball diameter: B05, B10 and B15.

2.2. Characterization methods

Before characterization, the paraffin oil was removed from the powders by realizing successive washes with
ultra-pure solvents (toluene, acetone and ethanol). The quantity of metallic aluminum in the powders was
guantified using a volumetric titration technique inspired from the work of Antipina et al. [35]. This method
consists in measuring the volume of dihydrogen produced during the reaction between the aluminum powder
and a sodium hydroxide solution. To perform the experiment, around 10 mg of powder was mixed with 10 mL
of a 0.2 mol/L sodium hydroxide solution. The volume was measured every 30 minutes and was shown to

attain a plateau after 12 hours. The measurement error was evaluated by repeating the analyses three times for



each sample. The metallic aluminum content was obtained after renormalization using the starting powder Alfa
Aesar.

The specific surface area of the powders was derived from gas adsorption analyses. Around 1g of powder was
used for the experiments. Before the sorption measurement, each sample was outgassed at a pressure below
1Pa overnight at 120°C in order to remove adsorbed impurities. Nitrogen adsorption—desorption isotherms
were measured at 77 K with an ASAP 2010 instrument from Micromeritics.

Powders morphology was analyzed using a Hitachi S-4800 scanning electron microscope (SEM). Images were
acquired in secondary electron mode. For each observation, a small amount of powder was deposited on a
double-faced carbon tape.

The dimensions of the flakes and the thickness of the alumina layer were evaluated by means of transmission
electron microscopy (TEM) using a FEI TECNAI G2 with a LaBs source. This evaluation, done on 150-200
particles, is sufficient to give an idea of the evolution of the size between the three powders. EFTEM-EELS
measurements were performed using a FEI TITAN 80-300 TEM equipped with an image corrector and a
GATAN TRIDIEM imaging filter for the acquisition of energy filtered (EF) images. The acceleration voltage
was set to 200 kV. The acquisitions were done at 15 eV (characteristic bulk plasmon energy for aluminum)
and at 24 eV (a-AlO; plasmon peak) with a width of 4 eV of the energy selecting slit. TEM sample grids
preparation consisted in ultrasonic dispersing of a small amount of powder in absolute methanol. After approx.
20 minutes of decantation, a drop was deposited on a holey carbon grid and put in an oven at 80°C for half an
hour to remove the solvent.

The reactivity of the powders was investigated using the Setsys Evolution apparatus of SETARAM. It allows
performing simultaneously thermogravimetric analysis and differential thermal analysis (TGA/DTA) up to
1200°C and simple thermogravimetric analyses (TGA) up to 1500°C. A dry air flow (20 ml/min) was chosen
to study the thermal oxidation of powders. All experiments were conducted at a constant heating rate of
2°C/min from room temperature up to 1200°C (TGA/TDA measurements) or up to 1500°C (TGA only). DTA
was calibrated over the whole investigated temperature range by determining the melting of pure substances
(In, Sn, Al and Ge) at various heating rate under Ar atmosphere. This standard procedure allows a calibration

in temperature and in energy.



In the following, three reactivity parameters will be used to compare the powders: T, as the onset temperature
of the first oxidation step, M; as the mass gain at the first step and M as the total mass gain at the end of the
oxidation process.

At last, the structure and microstructure of the powder was studied using X-ray diffraction (XRD). The patterns
were acquired in transmission mode using a powder INEL diffractometer with a monochromatic CuKq,
radiation (A = 0.15406 nm). This diffractometer is equipped with a CPS120 curved detector, which was
positioned in order to cover an angular range between 30° and 140° by steps of 0.029°. The samples were filled

in 0.5 mm glass capillaries and the acquisition time was set to 1800 seconds.

3. Results and discussion

3.1. Texture

SEM and TEM images (Fig. 2) confirm the flake morphology usually obtained by milling aluminum powders.
Larger flakes are observed for BO5 powders (Fig.2a) than for B10 (Fig.2b) and B15 (Fig.2c) powders. For all
the samples, a quite large size distribution is observed but the larger flakes consist in the agglomeration of
smaller ones as proven by the TEM image presented on Fig. 2d on which a local rolling up of the supporting
carbon film allowed the observation of nanoflakes edge. It is however very difficult to measure the thickness

of the flakes with TEM but thicknesses smaller than 50 nm can be observed.

Figure 2: Nanoflake morphology of the particles evidenced by electron microscopy. SEM images of B05 (a), B10 (b) and B15

(c) powders. (d) TEM image of B10 powder that shows the stacking of the nanoflakes and the small thickness of the flakes.



In order to a—quantitative—analysis—ef—quantify the dimensions of the flakes, they were assimilated to
parallelepipeds with length L, width W and thickness T. From TEM observation, the only quantities that can
be measured are L and W. The images presented in Fig. 3 give an example for each powder of the determination
of L and W. The error in the total area of the flake done by such a simplification is evaluated to 8.5%. The

results of image analyses are given in the histograms of Fig.3.
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Figure 3: Typical TEM image of the particles (first column) and corresponding histograms of the particle length L (second
column) and width W (third column) for the powders BO5 (first line), B10 (second line) and B15 (third line). The mean

value of the distribution and the standard error of the mean value are given on each histogram

It is worth noting that, whatever the grinding ball diameter, all the powders have dimensions within the same
order of magnitude around 1um. It seems that slightly larger widths are observed for B15 powders, which

would be consistent with a milling with larger balls diameters [48].



Nitrogen adsorption isotherms are presented in Fig.5.a. They belong to the type Il of the [JUPAC classification
[36] which is characteristic of non-porous or macroporous materials. The adsorption uptake at P/P0=0.5 for
B10 and B15 is almost twice the one of B0O5, which suggests that B10 and B15 powders have smaller particle
sizes than B05. The BET equation was used to calculate the specific surface area of powders aggr. As seenin
Fig.5.b, B10 sample possesses the highest aggr Which suggests that there is an extremum for the evolution of
surface area as a function of the diameter of the grinding balls. The values obtained for aggr are of the same
order of magnitude as those generally reported in literature for spherical nanopowders. For instance, the so-
called ALEX powders produced by wire electro explosion, have a specific surface area around 11 m2/g [37,38],
while values around 20 m#/g can be reached for the so-called HEIBE powders produced by ion beam
evaporation process [20]. High-energy ball milling thus allows to produce powders within a wide range of

specific surface area ranging from a few m2/g [30] up to more than 20 m?/g.
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Figure 5: (a) Nitrogen adsorption/desorption isotherms performed at 77 K for the samples B05, B10 and B15 Full symbols
correspond to adsorption and the open symbol to desorption. (b) BET area for BO5, B10 and B15. (c) Summary of the mean

dimensions obtained for the flakes.



By combining TEM image analysis and BET areas deduced from nitrogen adsorption measurements, an
estimation of the mean thickness of the flakes can be done. One can write:

a _ Sflake _ Tl + Ty W + Win Ly
BET pflake V}’lake pflake (LmeTm)

With Shake, the surface of the flake, prake itS density, Vrake its volume. For the density, the presence of the
alumina layer is taken into account using the quantity of metallic aluminum obtained by volumetry (see table
1). The obtained mean values for the flake thicknesses T,, are given in Fig.5.c together with the mean
dimensions L,, and W, obtained from TEM analysis. It can be observed that, whatever the diameter of the
grinding balls, the nanometer scale is achieved for the flake thicknesses T, since the values are all below

100 nm.

In the case of flake shaped particles having large basal surfaces as compared to their thickness, the thickness
can be written:

2

a e
BET pflakeTm
As seen on Fig.5, the values obtained using this rough assumption are in very good agreement with the ones

obtained using the dimensions obtained for TEM image analysis.

Finally, high Resolution TEM (HRTEM) measurements allow evidencing the core-shell structure of Al
particles as well as the amorphous nature of the surrounding alumina, as shown in Fig.4. The alumina thickness
t was measured for each sample over ~100 particles. The obtained values are presented in the histograms of
Fig.4. Within the statistics of the present study, no differences are observed between the 3 powders.
Interestingly the alumina thickness varies from 2 nm up to 6 nm but is still amorphous. Such dispersion in the
thickness of the alumina layer are a specificity of milled powder and might be of interest for the reactive

properties as it will be discussed below.
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Figure 4: HREM images of aluminum particles, taken along directions near [011] and showing the amorphous alumina layer
that surrounds the aluminum core for BO5 (a), B10 (b) and B15 (c) powders. The histograms obtained for the alumina thickness

are given for each powder (a’,b’ and ¢’).

3.2. Microstructure

TEM was used to access the microstructure of the aluminum core. As illustrated in Fig.6.a and 6.b, the flakes
are polycrystalline and preferentially oriented along [110] directions. Electron diffraction patterns from
different grains building the flake (Fig. 6.a), correspond to [110] zone axes, with a slight misorientation from
one grain to another. This is also evidenced in the high-resolution image shown in Fig.6b, where three grains

with [110] orientation are imaged.
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Figure 6: Microstructure of B10 powder. (a) TEM image showing that the flake is polycrystalline. The nanograins share a
common [011] orientation as proven by the corresponding electron diffraction patterns acquired on the various grains. Grain
labelled a and grain labeled b are misoriented by only 7° and grain labeled c is in a twin relationship with grain b. (b) High
resolution TEM images near to grain boundaries.

This feature has already been observed for iron nanocrystalline powders [39]. By analogy with those works,
and considering the anisotropy of the tensile modulus, it can be proposed that during the ball milling procedure,
Al grains are preferentially deformed in their “soft” directions. In the case of Al, the elastic modulus is much
higher for the {110} planes than for all the others one which may explain the preferential orientation. Finally,
no amorphous alumina is observed at the grain boundaries which is consistent with [24]. This could suggest
that the process of crystallite formation is internal to particles and not due to welding between particles. Indeed
the milling procedure is done under air which ensure that the fresh surfaces that are formed are immediately

oxidized .

X-ray diffraction (XRD) was also used to analyze the structure and the microstructure of the powders. The
XRD patterns are presented in Fig.7.a together with the initial powder. Only the diffraction lines of crystalline
aluminum are observed for all the milled powders. This confirms that the alumina phase is still amorphous, as
seen on the HRTEM images. Moreover, no crystalline impurities can be detected indicating that no major
contamination took place during the milling procedure. From XRD, no preferential orientation can be

evidenced since the relative intensities of the diffraction peaks are the same as the ones of the ICSD file of

11



Aluminum (#00-004-0787). Unfortunately, the CuK,; does not allow to measure the 440 reflection of Al (d =
0.0716 nm) in order to check the anisotropy with respect with the [110] direction observed in TEM. Moreover,

it should be mentioned that XRD measurements in transmission mode are less sensitive to the preferential

orientation.
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Figure 7: (a) X-ray diffraction patterns of the milled powders B05, B10 and B15 together with the initial powder Alpha. The
inset shows that a significant broadening of the peaks is observed upon milling. (b) Williamson-hall plot performed to analyze
the microstructure in terms of crystallite size and amount of deformation. (c) Summary of the crystallite size and deformation

obtained for each powder.

The cell parameter was calculated for each powder using the Dicvol program [40] and the obtained values are
given in Table 1. The lattice parameter is almost not affected by the diameter of the grinding balls. As
evidenced on the inset in Fig.7.a, the peaks of the milled powders are broader than the initial one. This indicates
significant changes in the microstructure of the powders such as a decrease of crystallite size and/or the onset

of lattice distortions.
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Table 1 : Summary of the quantitative results obtained for each sample using various experimental methods. (1) lattice
parameter obtained from XRD (2) Temperatures of the oxidation steps and the corresponding mass gain obtained from TGA.
The total mass gain at 1500°C is used to calculate the initial Al content. (3) initial Al content obtained from volumetric titration
technique. (4) Enthalpies of oxidation.

| BO5 | B10 | B15
(1) XRD analyses
Lattice parameter (A) | 4.04969+0.0002 | 4.04977+0.05 | 4.04969 * 0.05
(2) TGA measurements (up to 1500°C)
Temperature T1 (°C) 553+4 539+3 540 £ 3
Temperature T2 (°C) 806 +9 799 +1 799 + 3
Mass gain at first step, M1 (%) 2412 41+1 37+1
Mass gain at 1200°C, M2 (%) 65+6 73+2 71+2
Mass gain at 1500°C, Mot (%) 72+3 72+0.3 71104
Initial Al content determined from Mot (%) 81+3 81+0.3 80+0.4
(3) Volumetric titration technique
Initial Al content | 91+4 85+4 85+ 4
(4) Combined DTA-TGA measurements (up to 1200°C)
Enthalpy 1% oxidation (kJ/gal)
(starting the integration at 400°C) 28%1 274 27k2
Entha_lpy 1t (?X|dat|or.1 (kJ/gnr) ] 3241 3042 3042
(starting the integration at 200°C)
Enthalpy 2" oxidation (kJ/ga) -23+1 -16+2 24 %2

In order to evaluate the crystallite size and the amount of micro-strain, Williamson—Hall (WH) method was
used [41]. This method consists in fitting each diffraction line with a pre-defined function in order to obtain
its integral breath fons Which is characteristic of the broadening. The diffraction lines were found to be
accurately fitted by a Lorentzian function. In this case, the integral breath Smp of the milled powder is simply
written Smp=Lobs - Sinst Where Binst is the instrumental broadening. The initial powder was used to estimate fSins.
Such an assumption can lead to a slight overestimation of the crystallite size and of the lattice distortion but
gives a good idea of their relative evolution when varying the diameter of the milling balls. Sm, can be expressed
as a function of the crystallite size d and the lattice strain ¢ using the Williamson-Hall equation:

Bmpcosf 1~ esinb

A d A

This equation corresponds to a linear relationship where the intercept is the inverse of the crystallite size and
the slope is linked to lattice distortion. The Williamson-Hall plots for all the powders are shown in Fig.7(b)
and the evolution of the Al crystallite size and microstrains are represented in the histogram of Fig.7.c. The
values are within the same order of magnitude with the ones in literature [42,43]. The use of 5 mm grinding

balls results in powder with the largest crystallites and deformation. An optimum is observed for B10 powder
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that possesses the smallest crystallites and the lowest amount of deformation. Those measurements together
with the textural characteristics also demonstrate that texture and microstructure are directly correlated: the

largest crystallites are found for thickest flakes.

3.3. Reactivity towards oxygen

The oxidation of the powders was first studied using TGA and the obtained thermograms are shown in Fig.8(a).
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Figure 8: (a) Thermogravimetry analyses performed up to 1500°C on the milled powders. The samples are fully oxidized at
1500°C as illustrated by the EFTEM images (inset 8.a) taken on the sample BO5 at 15 eV (Al plasmon) and 22 eV (O plasmon),
which show the same contrast. EELS spectra taken at the Al-L edge (b) and the O k-edge (c) for the three samples.

The well-known stepwise oxidation of aluminum nanopowders is observed here for all samples [26,27,44,45].
As discussed previously, it is common to derive from TGA several quantities to evaluate the reactivity of the
samples. As seen in Fig.8.a, the first mass gain My is higher for the B10 powder and it seems to be correlated
with the specific surface area since this sample has the highest one. Such correlations between specific surface
area and M: were already proposed in the case of micrometric and nanometric spherical powders [29].
However, to the best of our knowledge, it is the first time such a correlation is evidenced in flakes and within

the nanometric range. Indeed, in spite of the many studies that can be found in literature on spherical
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nanopowders, it is difficult to establish any correlation between the data because TG analyses are not always

done under the same experimental conditions (gas, heating rates, etc.).

The oxidation behavior between 1200°C and 1500°C is also very interesting since it also shows different
characteristics depending on the powders. Whilst the mass gain increases only slightly for B10 and B15, it
takes around 10% in this temperature range for BO5 powders. This is expected if one considers the oxidation
as a regular increase of the alumina layer at a speed that depends more on temperature than particle size: when
the thickness of the obtained alumina layer is equal to half the particle height, the particle is totally oxidized.
Consequently, the temperature of total oxidation is particle size dependent. Unexpectedly, the values for Mo
are similar for the three samples. Indeed, due to the particle size dependence, a higher M for BO5 powders
than for B10 and B15 powders would have been expected since a lower specific area goes well with a higher
total mass gain. This suggests that the oxidation is not complete at 1500°C for B05, which is also suggested

by the shape of the TGA that doesn’t have reach a plateau.

TGA measurements can also be used to determine the initial metallic aluminum content. The necessary
condition is that the oxidation must be complete at 1500°C. To check if this condition was fulfilled, TEM-
EELS measurements were performed on the three powders. As it can be seen, the EFTEM is working well
with smaller particles and at the thinner border of the bigger ones. The images acquired at 15 eV and 24 eV
for BO5 do not show any reversal of the contrasts, which indicates the absence of metallic aluminum. The
EELS spectra taken at the Al L-edge and the O K-edge are given in Fig.8b and 8.c respectively. The spectra
are similar for all samples indicating a same local environment around the Al and the O atoms. Moreover,
according to [46], the EELS spectra at the Al L-edge show all the characteristic features of a-Al.O3 for the
three samples. This proves that at 1500°C, all the alumina has crystallized into corundum phase, which is

thermodynamically the most stable form of alumina.

Considering the reaction of aluminum oxidation and assuming that the mass gain in TGA is only linked to the
consumption of oxygen, the mass of metallic aluminum ma that has been oxidized for a given mass change

Am can be written:
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4M
my = EM—Q‘: Am 1)

with Maiand Mo, are molar mass of Al and O, respectively.

The values obtained for the initial aluminum content are reported in Table 1. A very good conversion is
obtained for all the powders: the initial aluminum content in all the samples is equal or higher than 80%. As
mentioned previously, since the oxidation may be uncompleted at 1500°C for B05, the initial aluminum
content may be underestimated for this sample. This is confirmed by the results obtained using hydrogen
volume released during the reaction of aluminum powders with a sodium hydroxide solution. A slightly higher
purity is obtained for the B05 powder using this volumetric method. The fact that no trace of metallic aluminum
is evidenced in BO5 using TEM-EELS may be attributed to the size of the particles at this oxidation stage.
Since the particles are far too thick in the middle, any metallic aluminum would not show any distinct spectrum
due to multiple energy loss events and would only contribute to a continuous background of the oxide spectrum
which stems from the thinner outer part of the particles. This also explains the weak intensity in the center of
the bigger particles in the EFTEM images, as illustrated for BO5 powders in the insets of Fig 8.a: the electrons

suffer multiple energy losses and are not detected in the chosen energy range.

3.4. Understanding the oxidation mechanisms

The oxidation was also studied using combined DTA and TGA up to 1200°C. The DSC thermograms and their
corresponding TG curves are presented on Fig. 9. The TG curves are very similar to the ones obtained in TGA
mode solely.

For all the powders, the heat flow presents two exothermic events that occur simultaneously to the two steps
of the TG curve. They correspond to the oxidation of the Al core. Another less intense peak is also observed
at 1150°C but it does not lead to any mass change which suggests that this peak is related to a phase transition.
Finally, on the plateau around 650°C, an endothermic peak corresponding to the melting of the Al core is
observed. All those general features are consistent with the ones reported for spherical nanoparticles

[20,35,47,48].

16



140 1 1 1 1 1 1 1 190

= B05

120 - |=—B10 1190

- B15 yurareneciwens 4 170
s 100 - ’ 1160 &
E 8ot 1150 ¢
©
5 sol {140 (5
= 41130 §
L 40 ]120 =

20 {110

O i LA S s WY - 100

1 1 1 1 1 1 90
0 200 400 600 800 1000 1200
Temperature (°C)

Figure 9: Combined thermogravimetry and thermal analyses performed up to 1200°C on the three

powders.

The enthalpies and onset temperatures corresponding to the oxidation events are listed in Table 1. In order to
process to the integration, the second heating cycle was used to estimate as precisely as possible the base line.
Indeed, during this second cycle since the powder has been completely oxidized there is only a change of the
baseline due to buoyancy. Moreover, the values are normalized according to the alumina or aluminum content
at each oxidation step that can be derived from TG curves using equation (1). The normalized enthalpies of
oxidation are around 27 kJ/gai which is slightly higher than the ones reported in literature for spherical powders
[20,35,49]. However, these values are significantly lower than expected. Indeed, the enthalpy of formation for
Al;O3 is AfHags = - 1675.7 kd/molaros [50] which corresponds to a value of AHags - -31 kd/gai. To the best of
our knowledge this has never been discussed in previous works on nanoparticles. Such a difference in the
enthalpy of oxidation could be explained by a confinement effect. However, considering the size of the
aluminum core and the expected thickness of the alumina shell at this temperature (almost the same that the
initial one), confinement effects inside the Al core are unlikely to happen. One can wonder if the
crystallographic nature of the alumina phase (y in this temperature range) could explain those differences.
However, the transition enthalpy between o and vy is reported to be at maximum equal to 12.5 kJ/mol (= 0.2
kJ/gai) for nanoparticles and thus this cannot be the only mechanism explaining those differences. A detailed

inspection of the heat flow shows that the exothermic event could be considered to start at much lower
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temperatures: a clear shoulder is observed on the heat flow around 200°C (see arrow on Fig.9). In the
previously cited literature, there is also a broad exothermic effect in the presented thermograms. The fact that
no mass gain is observed in this region is probably linked to the desorption of organic species and loss of
surface OH groups that mask any mass gain in this region. If one considers this shoulder around 200°C as the
beginning of the exothermic peak, the integration lead to values very close to 30kJ/g for the three samples (see
Table 1). This suggests that the oxidation of the aluminum core is starting well before the first step in the TGA
curve: the amorphous alumina layer starts growing around 200°C. At low temperatures, both diffusion of
oxygen and aluminum are reported to occur. On one hand, one can hypothesize that the amorphous nature of
the alumina favors the diffusion of the oxygen atoms at such low temperature. On the other hand, the
polycrystalline nature of the aluminum core may allow the diffusion of AI** species. These hypotheses are
supported by the fact that the oxidation starts at lower temperatures for B10, which is the sample having the
smallest crystallites which means the highest density of grain boundaries. Once the alumina layer has reached
its critical value, it crystallizes and leads to the first mass step around 450°C, because the changes in density
make aluminum surface more accessible. Here again, there is a clear difference between the samples since the
critical thickness is reached at lower temperature for B10 sample.

A high temperature, i.e. in the temperature range 600-1200 corresponding to the second step, a relatively poor
agreement is found between the measured enthalpy of oxidation and the tabulated value. However, once again
the measured values are in good agreement with literature. At this oxidation stage, confinement effects are
likely to occur since the alumina shell thickness may reach values above 30 nm [51]. Further experiment and

modeling are needed to propose some hypothesis about this important decrease of oxidation enthalpy.

4. Conclusion

In this study, aluminum powders were synthesized using high-energy ball-milling. Their texture,
microstructure and thermal properties were examined. The particles have a flake morphology, and depending
on the diameter of the grinding balls, the specific surface area can vary from 11 up to 22 m?/g. While the
particle lengths and widths are similar for all the powders, the thickness of the particles strongly varies with
the diameter of the grinding balls. The thinnest particles have been synthetized with 10 mm balls. The core-

shell AlOs/Al structure of the particles is observed for all the powders, but the thickness of the alumina shell
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is not as homogeneous as commonly observed in spherical particles. The aluminum core is always
polycrystalline and preferentially [110] oriented but the crystallite size and the amount of deformation is also
depending on the ball diameter. These various structural characteristics are shown to have a direct influence
on the thermal behavior under oxidative atmosphere. The first oxidation step occurs at a lower temperature for
the powders having the larger specific surface area, which confirms the tendency already observed between
micron and nanometric particles. For powders having similar textural properties (B10 and B15), one can
observe that the B10 powder, which presents the smallest crystallite sizes and microstrain amount, starts to
oxidize before the B15 powder. This work could help to design the most efficient powder for energetic
materials applications: it should be polycrystalline with crystallites as small as possible to favorize a complete

oxidation and it should possess a thick but still amorphous alumina layer to decrease the ignition temperature.
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