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Abstract

Thermogravimetry was used to study the oxidation of aluminum powders at elevated temperatures. Aluminum
powders of various particle sizes and surface morphologies were heated in oxygen up t€ HiGdifferent
heating rates. Partially oxidized samples were recovered from selected intermediate temperatures and the oxide
phases present were analyzed by X-ray diffraction. The experimental data were related to current information
on stabilities and phase changes 0b@4 polymorphs. Aluminum powders were observed to oxidize in four
distinct stages in the temperature range from 300 to 280Muring stage |, from 300 to about 5%Q, the
thickness of the natural amorphous alumina layer on the particle surface increases. The rate of this process is
controlled by the outward diffusion of Al cations. At about 58D, when the oxide layer thickness exceeds the
critical thickness of amorphous alumina of about 4 nm, the oxide transformg iAile O3. The specific volume
of y-Al,03 is less than that of amorphous alumina; therefore, the newly fomatbO3 only partially covers
the aluminum surface. The oxidation rate increases rapidly at the onset of stage I, but it decreases when the
y-Al,03 layer becomes continuous. During stage Il oxidation,)thél ,O3 layer grows and partially transforms
into the structurally similap-Al,O3 polymorph. Finally, oxidation stage IV is observed after the transition to
stablex-Al 203 results in an abrupt reduction of oxidation rate. Qualitative analysis of the rates of oxidation at the
different stages enables one to understand the wide range of aluminum ignition temperatures observed for particles
of different sizes.
0 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction materials remain poorly understood. The ignition of
aluminum particles is one such process. Aluminum

Aluminum is widely used as a fuel additive in pro-  oxide film, always present on the particle surface, is
pellants, explosives, and pyrotechnics. The processes well known for its protective properties. It prevents
of its combustion have been studied extensively, gyidation of aluminum and its alloys at low tempera-

e.g.,[1-3]; however, some of the processes that are y,re5 At elevated temperatures, the properties of the
crucial for accurate modeling of aluminized energetic oxide must change, leading up to ignition, but this
evolution of the oxide film during particle heating
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ignition is that aluminum particles ignite at or in the
vicinity of the Al,O3 melting point (2054 C), when

the integrity of the surface coating is destroyed ei-
ther because of melting or because of the mounting
mechanical stress€4,5]. While a number of inves-
tigators have indeed observed aluminum ignition to
occur in the vicinity of 2000C, e.g.,[6-9], the re-
view of the literature shows that aluminum particles
could be ignited in a wide range of temperatures. In
recent reports on combustion properties of aluminum
nanopowders, ignition was observed to occur at tem-
peratures of about 80T [10] or lower. Ignition of
different micrometer-sized aluminum powders was
reported to occur in the temperature range of 650—
2000°C[11-15] A summary of some of the available
reports on aluminum ignition in oxygen-containing
environments is presented Fig. 1, where the ob-
served ignition temperatures are plotted against the
size of the tested aluminum samples. The ignition ob-
served at temperatures well below the alumina melt-
ing point can only be explained by taking into account

the exothermic heterogeneous reactions that occur de-

spite the protective alumina coating. Attempts have
been made to consider such reactions using a simpli-
fied single-term Arrhenius-type expressifir6—18]
Activation energies describing kinetics of such a het-
erogeneous reaction were adopted from early alu-
minum oxidation studies. However, the values re-
ported in literature vary widely (from 78 kol [19]

to 418 kJmol [20]) and no justification has been
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are analyzed to identify the processes affecting alu-
minum oxidation rates at different temperatures and
also to interpret qualitatively the experimental obser-
vations that show ignition of aluminum powders oc-

curring over a wide temperature range.

2. Background: phase changesin growing
alumina scales

Aluminum oxide phases and phase changes have
been extensively studied and excellent reviews, e.g.,
[22] are available in literature. Significant progress
has also been made recently in understanding the
growth kinetics of alumina layers at elevated tem-
peratureg23—-25]and in the quantification of related
mass transfer coefficients, e.g., revig28]. Because
this information has not been used extensively by
combustion researchers, a brief summary is given
below.

A thin, amorphous layer of alumina forms on the
aluminum surface at room temperaty3,24] The
thickness of this “natural” oxide coating (also referred
to as “limiting” oxide film thickness) has been eval-
uated by different researchers as varying from about
0.5 nm[25] to 4 nm[27], while most of the authors
suggest a thickness of 2-3 nm, e[§8—30] Growth
of the amorphous oxide layer is limited by the out-
ward diffusion of aluminum cation@5]. It has been
found that until the thickness of the layer reaches a

provided for the selection of any particular value to critical value, the amorphous alumina is thermody-
model ignition. Moreover, it has been shown clearly namically more stable on the aluminum surface than
that the reaction kinetics of aluminum are complex crystalline aluminum oxidef23]. The critical thick-
and cannot be described by simple, single-term rate ness depends on the crystallographic orientation of
equationg21]. the aluminum substrate and varies somewhat as a
In this paper, a brief summary of the changes function of temperature. In the temperature range 20—
known to occur in aluminum oxide films is presented 600°C, specific values are close to 0.5, 2.5, and 5 nm
and the oxidation of aluminum powders with different  for the 111, 100, and 110 crystallographic faces of
particle sizes is studied experimentally. The results aluminum, respectivelj23]. After the critical thick-
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Fig. 1. Summary of the aluminum ignition temperatures reported in the literature.
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ness of the amorphous alumina layer is exceeded, The fourth sample used was aluminum flakes by lowa

it becomes metastable and transitiong/talumina.
The resultingy -alumina is stabilized due to its small
crystallite size[31]. A network of grain boundaries
within the y-alumina scale provides short-circuit dif-
fusion paths for oxygefi26]. Thus, inward oxygen
diffusion becomes the rate-limiting mechanism for
the growth ofy-alumina scaleg25,26] When the
temperature increases to about 950-125(022],
y-alumina transforms into thermodynamically sta-
ble a-alumina. This transformation may proceed di-
rectly or via intermediate phases, such &sand
6-alumina[22]. The formation ofx-alumina crystal-
lites with larger dimensions (exceeding 30 nm) and
higher density results in the overall densification of
the alumina scale and in slower oxide grovy#2].
The grain boundary diffusion of oxygen toward
the Al-Al,O3 interface remains the oxidation rate-
limiting process.

3. Materialsand methods

Four types of aluminum powders were used in
this study. Representative electron microscope image
of the particles are shown iRig. 2 Two fine pow-
ders have nearly ideal spherical particles: Alfa Aesar,
nominal size 3-4.5 ym (97.5% Al), and 10-14 pm
(98% Al). A coarser aluminum powder, Alfa Aesar
—40+ 325 mesh, has particles with irregular shapes.

Meg= 100K X

Pyro Supply,—325 mesh. The flakes are from 20 to
200 nm thick.

The particle sizes were analyzed using low-angle
laser light scattering (LALLS; LS230 Beckman—
Coulter Particle Analyzer) for all samples except
flakes. Specific surfaces of the finer powdefisgT,
were measured by the Brunauer—-Emmett—Teller
(BET) method using a NOVA 3000 high-speed gas
sorption analyzer. The BET diameteeggT, were
calculated agdgeT = 6/(SBETLAI), Wherepp) is the
density of aluminum. The measured particle sizes are
presented iTable 1

The oxidation of aluminum powder in oxygen was
studied by differential thermal analysis (DTA) with si-
multaneous thermogravimetric analysis (TGA) using
a Netzsch simultaneous thermal analyzer STA409 PC.
The instrument was calibrated for temperature with
the melting points of a set of metal standards result-
ing in a temperature accuracy &f1°C. Samples of
25-30 mg contained in alumina crucibles were heated
from room temperature to 149 with heating rates
varying from 5 to 40 C/min in different experiments.

s The oxygen flow rate was 50 yrhin. To recover
the intermediate products, in some experiments the
sample oxidation was interrupted at a particular tem-
perature, the oxygen atmosphere was replaced with
argon, and samples were cooled to room temperature.
Recovered samples of intermediate products were an-

mm 325 Mesh 27

Fig. 2. SEM images of the aluminum powders used in oxidation experiments.
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Table 1
Characteristics of used aluminum powders
Powder ID Specific surface, BET diameter, Laser light scattering:
SBET, m2/g dBET, UM Area mean diameter, um
Spheres 3—-4.5 uym 1.15 1.93 3.9
Spheres 10-14 ym 0.41 5.42 16.4
—40+ 325 mesh N/A N/A 201.1
Flakes—325 mesh 7.41 N/A N/A

alyzed by X-ray diffraction (XRD) on a Philips X'pert
MRD X-ray diffractometer using unfiltered it
radiation ¢ = 1.54187, 45 kV, 40 mA). The sam-
ples were thinly coated on a single-crystal Si sample
holder using hexane as a dispersion medium; diffrac-
tion patterns were collected from 1% 70° 26.

4, Results

The TGA curves irFig. 3 show the sample mass
increase as a function of temperature for different alu-
minum powders heated at different heating rates. At
temperatures below-550°C, the oxidation is rel-
atively slow; a significant mass increase (of about

180

5%) was observed only for aluminum flakes, which
have the highest specific surface of the powders stud-
ied (comparable to that of aluminum nanopowders,
e.g.,[32]). Accelerated oxidation was consistently ob-
served for all samples in a narrow temperature range
from 550 to 650°C. Oxidation slowed down signifi-
cantly just before the aluminum melting point. Insets
in Fig. 3 show this region of the TGA curves with

a magnified vertical scale. For the aluminum flakes
heated at 5 Kmin, this increased oxidation rate re-
sulted in the oxidation of more than a third of all the
available aluminum. The sample of Al flakes heated
at 10 K/min ignited during the experiment at about
560°C as illustrated by a very sharp weight increase.
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Fig. 3. Summary of TGA measurements for oxidation of different aluminum powders.
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This stepwise oxidation was completed for all sam-
ples by about 650C. At this temperature, the oxi-
dation rate was at its minimum and started to continu-
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second stage describes the stepwise mass increase in
the temperature range 550-63D. The third stage
describes the temperature interval over which the oxi-

ously increase while the temperature was increased up dation rate continuously increases, from about 650 to

to about 1000—-1100C. Note that the complete oxida-
tion to AloO3 would result in a mass increase of about
88%. In the case of flakes, nearly all the aluminum
was oxidized below 1000C, and the oxidation rate
slowly decreased as the temperature continued to in-
crease. For other powders, a fairly thick oxide layer
was formed by about 110, at which point the ox-
idation rate decreased abruptly. Very low oxidation
rates are inferred for all of the powders by the nearly
horizontal portions of the TGA curves between about
1100 and 1200C. Continuing temperature increase
resulted again in an accelerated oxidation. The mea-
surements above 145C were generally less repro-
ducible and should be regarded with caution because
of the approaching limit of the temperature calibra-
tion range (1500C).

The qualitative oxidation behavior described above
was consistently observed for all powders. At higher
heating rates, the observed oxidation steps consis-
tently shifted toward higher temperatures as illus-
trated inFig. 3. The processing of the experimental
data using isoconversion methods was attempted in
order to evaluate the activation energies of differ-
ent oxidation steps, e.g., in the vicinity of 600 and
1050°C. This processing was not successful: the val-
ues of the obtained activation energies were incon-
sistent from sample to sample in spite of qualitative
similarities between the TGA curves for different
powders.

Below, different regions of the TGA curves are re-
ferred to in terms of oxidation stages. These stages
are shown schematically Fig. 4using a typical TGA
curve and its derivative, which is directly proportional
to the rate of oxidation. The first stage refers to the
slow oxidation at temperatures belows50°C. The
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Fig. 4. Stages in oxidation of aluminum powders: a typical

TGA curve and its derivative as a function of temperature.

Points A, B, C, and D show temperatures at which the sam-
ples were recovered for XRD analyses.

1000-1100C. The increase of the oxidation rate is
abruptly terminated, as is clearly shown by the deriv-
ative of the TGA curve irFig. 4. Finally, the fourth
oxidation stage describes the increase of the oxida-
tion rate above 110%C.

In order to understand the processes causing the
observed changes in the oxidation rate and to identify
intermediate oxidation products, several samples of
spherical aluminum with particle size 3-4.5 um were
heated in oxygen at 10C/min to selected tempera-
tures, cooled in argon, and analyzed by XRD. Sam-
ples were recovered from 540, 635, 926, and 1020
as illustrated inFig. 4 by points A, B, C, and D,
respectively. Since the mass increase for the spheri-
cal powder during the first oxidation stage was very
small, a sample of aluminum flakes containing signif-
icantly larger amounts of oxide (s€&g. 3) was also
heated to 540C and recovered for analysis.

The X-ray patterns of samples oxidized to differ-
ent temperatures are shown kig. 5 The patterns
are not shown for the samples oxidized to 540
because no peaks of AD3 could be identified for ei-
ther the spherical powder or the flakes. Weak peaks of
y-Al»03, in addition to strong peaks of metallic alu-
minum, are observed for the sample recovered from
635°C. The peaks ofx-Al,0O3 become noticeable
only by the end of the third oxidation stage, at 925
At this point, the peaks of -Al,03 become stronger
and a set of peaks correspondingté\l ,O3 appear.
The peaks of/-Al>,03 disappear from the XRD pat-
terns upon completion of the third oxidation step, at
1020°C. At this point, the peaks af-Al,03 become
very strong, and only minute amountséfl 203 re-
main.

The thickness of the oxide layer at different oxi-
dation stages was estimated from the increase in the
overall sample mass as observed in the TGA curves.
For this simple estimate, the oxide was assumed to
uniformly cover the powder surface area determined
by BET. The thickness of oxide film for the flakes was
also estimated using the BET specific surface mea-
surements and assuming that the flake thickness is
significantly smaller than its length and width. Note
that specific surface of the coarse40-+ 325 mesh
powder was smaller than could be determined by BET
measurements; consequently, the oxide thickness
could not be estimated for this powder, either. Based
on the phases identified by XRD (see discussion be-
low), the AlbOg layer thicknesses by the end of differ-
ent oxidation stages were estimated using the density
of amorphous alumina for the first oxidation stage
(pam = 3050 kgmd [22]), the density ofy-Al,03
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Fig. 5. XRD patterns for partially oxidized aluminum powder samples. The observed XRD peaks are identified for different
polymorphs of AbOs.
Table 2
Experimental oxide thickness estimated based on the measured weight increase and powder specific surface from the BE
measurements
Powder ID Heating Estimated oxide thickness, nm

iate, ) End of End of End of Stage IV

C/min stage | stage Il stage Il (1450°C)

Flakes—325 mesh 5 7.4 27.8 N/A, nearly complete oxidation

10 8.9 N/A, ignition
Spheres 3-4.5 pm 5 5.2 20.0 213 707

10 3.8 18.1 202 567

20 3.6 16.6 197 480

40 3.9 15.2 192 395
Spheres 10-14 pm 5 4.7 17.2 176 613

10 4.2 16.3 168 478

20 4.6 15.4 155 379

40 4.0 13.8 149 287

for the second stagepf = 3660 kg’m3 [22]), and

the density ofx-Al>Og3 for the third and fourth ox-
idation stages, = 3990 kg/m3 [22]). The fourth
oxidation stage was never completed in these ex-
periments; therefore, the final oxide thickness was
estimated at 1450C for all powders. The estimated
thicknesses of the oxide layers corresponding to the

ends of the respective oxidation stages are summa-

rized inTable 2

5. Discussion

The specific processes responsible for the individ-
ual oxidation stages of aluminum powders must be

understood in order to accurately model aluminum
ignition. The oxidation stages observed in this work
are generally consistent with previous reports on alu-
minum powder oxidation, e.g[33—-35] Experimen-

tal results obtained in this work systematically cover
powders with a range of particle sizes and morpholo-
gies. This information can be used to develop a qual-
itative and quantitative description of the oxidation

processes involved.

As prepared, aluminum powders are coated with
an amorphous alumina laygR2—-25] Therefore,
growth of this layer is expected to occur during the
initial oxidation stage. The growth of amorphous ox-
ide during stage | oxidation is also consistent with
our inability to identify any alumina phases by XRD,
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even for partially oxidized sample of aluminum flakes
that gained up to 5% of its initial mass during stage |
oxidation (sed-ig. 3).

The amorphous alumina layer becomes metastable
when its thickness exceeds a critical val[28].

A sharp increase in the oxidation rate is indeed ob-
served for both spherical powders when the thickness
of the oxide exceeds 3.6-5.2 nm (s&&ble 2 end

of stage | data). This experimentally observed ox-
ide thickness agrees well with the maximum critical
thickness of amorphous alumina reported in 23].
Thus, the transition from stage | to stage Il oxidation
can be interpreted as the transformation of amorphous
alumina to a crystalline alumina polymorph. Note
that by end of stage | oxidation, the estimated oxide
film thickness for the flake samples is slightly higher
than that observed for spherical powders. This minor
discrepancy could be caused by the particle surface
morphology that was not accounted for in our esti-
mate for the oxidizing surface for flakes.

According to Ref.[22], a common route for
the formation of stablex-AloO3 from amorphous
alumina film is amorphous — y — [§] — [0] —
a-Al»03. The intermediate phases shown in brack-
ets may or may not be produced. The formation of
y-Al>03 is expected during the second oxidation
step. The density of’-Al,03 is about 20% higher
than that of amorphous oxide. At the same time, the
smallest crystallite size of-Al,O3 has been ob-
served to be in the range of several nanometers, i.e.,
comparable to the thickness of the oxide film exist-
ing at this point on the aluminum surface. Thus, it
is suggested that the newly formedAl,O3 scale
does not fully cover the aluminum particle surface
that was previously protected by continuous amor-
phous alumina film. The formation of bare aluminum
spots, and their immediate oxidation could cause the
rapid rate increase of aluminum oxidation at rela-
tively low temperatures in stage Il; sdégs. 3, 4
As oxidation continues, the openings in theAl .03
layer heal until a continuous-Al ,03 coverage forms
on the particle surface. This causes the transition
to a slower oxidation at the beginning of the ob-
served stage lll. According to our measurements, the
healing of they-Al,O3 layer is completed when its
equivalent thickness as estimated from the mass in-
crease approaches 15-20 nm. The XRD data confirm
the presence of -Al,O3 by the end of stage I, in
agreement with the proposed oxidation mechanism.
Note that the detection of broad and relatively small
peaks produced by the thjnAl,O3 layer is difficult.
Therefore, only the fine powders with larger relative
fractions of oxides were examined in this study using
XRD.

Further temperature increase results in continuous
growth of they -Al 03 layer and its eventual transfor-
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mation tox-Al 203 via the intermediate transition alu-
mina phases. The presencegohl,03 is clearly es-
tablished by XRD for the sample recovered from the
partially completed stage Ill (sd€gs. 4 and b This
indicates that stage Il may need to be divided further
into substages, in which transitions betweeAl 03

and other metastable alumina polymorphs occur. Note
that the densities of theg, §, and 6 phases are all
close to one anothgf?2], so no dramatic changes
in the grain boundary oxygen diffusion rate are ex-
pected. This diffusion process controls the oxidation
rate, which remains almost constant while these poly-
morphs are being formed. By the end of stage lll,
the rate of oxidation is dramatically decreased, which
can be explained by the formation of a significantly
denser and coarser crystallitesoofAl ,03. The den-
sification of the alumina layer can readily explain the
decrease in the rate of oxygen diffusion and the re-
sulting low rate of alumina growth at the beginning
of the stage IV. The XRD pattern once again supports
this mechanism showing formation of large quanti-
ties of a-Al,03, no y-Al,03, and only traces of
0-Al>,03 at the beginning of stage IV (sd€g. 5).

A further temperature increase results in continuously
increased rates of oxygen diffusion and oxidation, as
observed during the remainder of stage IV.

The oxidation mechanism described above can
qualitatively explain why aluminum particle ignition
may occur over a wide temperature range. For the
simplest analysis of a metal particle ignition in a prac-
tical combustion system, one should compare the rate
of particle heating by external sources as it enters
the flame zone and the rate of particle self-heating
due to oxidation. Particle heat losses are neglected
in this simplified analysis. When the rate of particle
self-heating becomes dominant and the energy re-
leased during an oxidation stage becomes sufficient
to heat the particle to high temperatures characteris-
tic of aluminum combustion, the ignition criterion is
fulfilled. In the experiments discussed in this paper,
the external heating rate was completely determined
by the settings of the thermal analyzer and was not a
function of particle size. Similarly, when micrometer-
sized (or finer) particles enter the flame, their heating
rate is largely determined by their position in respect
to the flame zone and is only slightly affected by par-
ticle size. In other words, the particles follow the gas
flow fairly closely in terms of both their velocity and
temperature. Thus, for a qualitative analysis, the ex-
ternal heating rate could be considered as a constant
for particles of different sizes igniting in the same ex-
perimental configuration. At the same time, the ratio
of the heat release due to oxidation over the parti-
cle heat capacity depends on the particle size because
smaller particles self-heat more effectively. The dia-
gram inFig. 6 shows schematically the constant rate
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Fig. 6. Schematic diagram comparing the rates of particle self-heating due to particle oxidation against external heating rate for
different size metal particles introduced in a combustion chamber. It is suggested that the ignition is observed when the rate
of heat release due to particle oxidation starts to dominate in the particle heat balance. The diagram illustrates that ignition of
particles of different sizes can be triggered at different oxidation stages and at widely different temperatures.

PARTICLE HEATING RATE

of external particle heating and three curves show- 6. Conclusions
ing the rates of particle self-heating as a function of
temperature. The self-heating curves imitate the TGA

derivative shown irFig. 4 and are shown schemat- o a4 res was studied experimentally. Four oxidation

ically for particles of different sizeskig. 6 clearly  g5q65 were identified based on thermogravimetry in
illustrates that the external heating and self-heating ¢ temperature range from 300 to 15@0 The

curves could cross at different temperatures, depend- 5na\ysis of partially oxidized samples recovered from
ing on the particle size and the external heating rate. gpecific intermediate temperatures and a review of the
For the specific examples shownfifg. 6, ignition at available literature on alumina polymorphs formed at
low temperatures could be observed due to the self- yitferent temperatures were used to suggest the fol-
heating peak during stage Il oxidation. Ignition atin- |oing simplified oxidation sequence. During stage |,
termediate temperatures could be caused by the peakfrom 300 to about 550C, the thickness of the nat-
of stage Il oxidation. Ignition at high temperatures ;5 amorphous alumina layer on the particle sur-
could be observed during stage IV when the oxidation face increases. The rate of this process is controlled
rate is increased in the vicinity of the AD3 melting by the outward diffusion of Al cations. A transfor-
point. It is suggested that the first case is typical for mation of amorphous alumina inte-Al,03 occurs
aluminum nanopowders, the second case describes gt abhout 550C, when the oxide layer thickness ex-
the ignition of aluminum particles with characteristic  ceeds the critical thickness of amorphous alumina of
dimensions of several micrometers, and the third case ~4 nm. The density of the’-Al,03 is greater than
is more typical for coarser powders. Clearly, heating that of amorphous alumina, and the newly formed
rates and other specific features of the experimental ,,-Al,03 nanocrystallites produce a monolayer cov-
system, such as mechanisms of particle heat trans- ering the aluminum surface only partially. A bare alu-
fer during the temperature runaway processes, would minum surface is produced as a result of the amor-
have a significant effect on the specific ignition tem-  phousy-Al,03 transformation. The oxidation rate
peratures. increases rapidly during stage Il until theAl>03

In summary, the above discussion suggests that coverage becomes multilayered and continuous. The
the widely varying ignition temperatures observed for growth of a continuous/-Al,O3 layer and its par-
the aluminum powders with distinctly different par-  tial transformations into the structurally similar
ticle sizes (as shown iRig. 1) could result from alu- Al203 polymorph occur during stage Il oxidation.
minum particle self heating caused by processes asso- The stage ends when the formation of a dense and sta-
ciated with different oxidation stages. A more detailed ble«-Al,O3 occurs, resulting in an abrupt decrease in
analysis of the experimental data presented in this oxidation rate. Finally, oxidation stage IV is charac-
paper is needed to develop a quantitative aluminum terized by the formation and growth of theAl,03
ignition model; this will be the topic of a separate oxide. Qualitative analysis of the rates of oxidation at
manuscript. different stages enables one to understand the wide

Oxidation of aluminum powders at elevated tem-



318

range of aluminum ignition temperatures that were
observed for particles of different sizes.
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