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A kinetic model of oxidation of aluminum in oxygen has been previously established based on thermal
analysis data using heating rates in the 1–40 K/min range. Ignition, on the other hand, involves heating
rates that are many orders of magnitude higher, which requires extrapolation of the kinetic predictions.
In this study, we use thermogravimetry at heating rates up to 500 K/min (8.3 K/s) to validate and refine
the kinetic model of aluminum oxidation. Experiments are conducted in argon/oxygen mixtures. The
stepwise aluminum oxidation process reported for lower heating rates is also observed for the higher
luminum oxidation
hermogravimetric analysis
igh heating rates

heating rates addressed in this study. Activation energies for individual oxidation steps are generally
consistent with previous data obtained from low heating rate measurements. Additional oxidation pro-
cess parameters are quantified from the higher heating rate measurements. The overall oxidation model
proposed earlier and involving growth of various alumina polymorphs and transformations between
these polymorphs is validated in new experiments. The refined oxidation model is successfully used to
interpret experiments on aluminum particle ignition in a laser beam, in which the particles are heated

at more than 106 K/s.

. Introduction

Advances in computational capabilities enable increasingly
ore detailed modeling of combustion dynamics in various

nergetic systems. Respective fluid dynamics and heat transfer pro-
esses are being described more and more accurately using both
ovel modeling approaches [1–3] and detailed numerical schemes
4,5].

However, contemporary combustion models still rely on very
implified and often inaccurate submodels to describe the dynam-
cs of ignition and combustion of metals present in energetic
ormulations. For aluminum, the most common metallic additive
n both propellants and explosives, ignition is commonly described
y a somewhat arbitrarily chosen fixed ignition temperature as
eviewed in Ref. [6] and combustion is modeled to fit the “d-power
aw” inferred from a modified hydrocarbon droplet combustion

odel [7]. Many experimental studies, e.g., [8–10] have shown
uch simplified descriptions for both ignition and combustion of
luminum to be inadequate. In particular, recent research on alu-
inum particle ignition has shown that it is controlled by diffusion
rocesses of oxygen and aluminum through the surface oxide,
nd that this diffusion is critically affected by polymorphic phase
hanges occurring in alumina upon heating [11,12]. A quantita-
ive oxidation model was developed [12] describing ignition of
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aluminum particles in O2/N2 environments reasonably well [13].
This oxidation model was developed based on thermoanalytical
measurements that were performed with heating rates less than
40 K/min. While shown to be capable to predict ignition for indi-
vidual Al particles heated by a laser beam [13], the model developed
in Ref. [12] uses a number of adjustable parameters and additional
validations and improvements of that model are needed to reliably
describe ignition in environments with varied oxygen concentra-
tions and for broader range of particle sizes and ignition stimuli.
There are several orders of magnitude between the heating rates
used in thermal analysis (traditionally less than 1 K/s) and encoun-
tered during ignition (>106 K/s). Direct observation of changes in
the surface oxide of aluminum particles or detection of any other
signs of the ongoing oxidation at heating rates approaching to or
even exceeding 106 K/s are not experimentally feasible. Alterna-
tively, it is possible to extend the range of heating rates over which
thermal analysis can be performed, so that the oxidation model
can be verified, and if needed refined. The present study is aimed
to provide experimental thermoanalytical data at heating rates up
to 500 K/min (8.3 K/s) with the specific goal to extend the experi-
mental support for the oxidation model previously developed.

2. Experimental
Thermogravimetric (TG) measurements of aluminum oxidation
were conducted in an Ar + 50 vol-% O2 mixture with heating rates
of 50, 200, and 500 K/min using a TA Q5000-IR thermogravime-
ter. Aluminum powder (Alfa Aesar, 98%) with a nominal size of
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experimental reaction progress, and is readily plotted vs. inverse
temperature to identify regions that can be described by a positive
16 M. Schoenitz et al. / Thermoch

–4.5 �m was loaded in an alumina sample pan. Particle agglom-
ration above the melting point of aluminum was a concern, since
his could drastically reduce the surface area available for oxidation,
nd distort the results. In order to minimize particle–particle con-
acts, a suspension of the powder in pyridine was painted into the
ample pan. After drying the pyridine, a sample mass of 0.5–1 mg
as typically left so that the surface of the sample pan was coated
ith a thin powder layer. Examining the samples after heating

hrough the Al melting point revealed no signs of agglomeration.
he gases were mixed externally, and their combined flow was
djusted to 25 mL/min by a mass flow controller built into the
hermogravimeter.

Oxidation is not complete at 1473 K, the maximum tempera-
ure of the instrument. However, with such small sample masses
t is necessary to collect a baseline by heating the fully oxidized
ample. Therefore the samples were held for 30 min at 1473 K to
xidize them to a substantial degree, if not fully, so that no measur-
ble oxidation would occur on second heating. The second heating
xperiment was then subtracted from the first heating experiment
o obtain the actual sample mass vs. temperature curve that is due
nly to the oxidizing sample. This method of baseline correction
oes not require handling the sample holder between the actual
easurement and the baseline measurement. Initial experiments
here an empty crucible was used instead of a fully (or substan-

ially) oxidized sample were found to be less reproducible.
The sample temperature of the thermogravimeter was cali-

rated using a set of Curie point standards (alumel®, Ni, Co) as well
s a set of high purity metal melting point standards (In, Sn, Bi,
n, Al, Ag, Au). The difference between recorded and actual sample
emperature depends linearly on heating rate and follows a sec-
nd order polynomial with respect to temperature. At low heating
ates, the temperature is estimated to be accurate to within ±2 K,
hile at 500 K/min, the accuracy decreases to ±15 K.

. Results and discussion

The measurements, shown in Fig. 1, qualitatively resemble ear-
ier experiments [11] in that an initial stepwise weight increase of
ess than 5% is followed by a larger stepwise weight increase at
igher temperatures. Note that the oxidation rate in none of these
xperiments shows any increase near the aluminum melting point

t 933 K. The first oxidation step shifts to higher temperatures with
n increase in the heating rate, as is expected for a thermally acti-
ated reaction. However, this shift appears to be smaller at greater
eating rates and when the onset temperature approaches the
luminum melting point. A final step, leading to (near) complete

ig. 1. TGA measurements of aluminum powder oxidizing in oxygen–argon mix-
ures. The nominal heating rates are indicated.
Acta 507–508 (2010) 115–122

oxidation that was observed in experiments [9] where the maxi-
mum temperature was 1773 K is not seen here due to the lower
maximum temperature in the present experiments.

In order to quantitatively relate the new measurements to pre-
vious investigations of oxidation of aluminum powder, oxidation
kinetics were determined according to a formalism first devel-
oped for measurements at lower heating rates [11,12]. Particles
are assumed to be spherical and oxidation is assumed to occur as a
series of individual diffusion processes through the growing surface
oxide layer. In this model, at any given time the rate of oxidation
is limited by a single, thermally activated mass transfer process,
such as diffusion of one species. The rate of mass increase due to
oxidation, dm/dt, is described by the equation:

dm

dt
= C∗

A exp
(

− E

RT

)(
1

rAl
− 1

rox

)−1
(1)

where T is temperature, C∗
A is the combined oxidation constant

depending on the reaction stoichiometry, the initial sample mass,
and the type of the diffusing species; rAl and rox are the radii of
the aluminum core and oxide shell, respectively; E is the activa-
tion energy; and R is the universal gas constant. Rearranging allows
processing the recorded TGA traces according to the following
equation:

E

RT
= ln C∗

A − ln
(

dm

dt

)
− ln

(
1

rAl
− 1

rox

)
(2)

The sample mass, m, as well as the radii of the aluminum core
and the oxide shell can be expressed in terms of the reaction
progress ˛ [14].

˛ = m − m0

mf − m0
(3)

−ln(r−1
Al

− r−1
ox ) = ln((1 − ˛)−1/3 − (1 + c · ˛)−1/3)

where mo and mf are the initial and final masses of the oxidizing
particle, respectively, and the constant c accounts for the differ-
ences in molar weight and in density between the metal core and
the oxide shell.

Therefore, the right hand side of Eq. (2) depends only on the
slope. Respective plots for the thermogravimetric measurements
performed at 50, 200, and 500 K/min as presented in Fig. 1 are
shown in Fig. 2.

Fig. 2. Kinetic processing of a series of measurements at different heating rates.
Curves are vertically offset from each other for easier comparison.
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stronger over the observed range of heating rates.
The extent of oxidation during each observable step decreases

with increasing heating rates (Fig. 5). As a result, the onset of the
second observable step occurs at lower degrees of oxidation, and

T
S

ig. 3. Activation energies of aluminum particle oxidation as a function of tempera-
ure (top) and reaction progress (bottom). For clarity, the bottom plot is broken into
wo parts with different horizontal scales. Nominal heating rates are indicated.

For regions where the curves appear as straight lines with posi-
ive slopes, the assumption about the reaction rate being controlled
y a single thermally activated process and used to derive Eq. (2)

s considered valid. Therefore, the slopes represent the effective
ctivation energies of the specific reaction processes governing
xidation at the respective values of the reaction progress. For con-
istent data processing, the slope can be calculated at each value
f T−1, or T, or ˛. This results in characteristic curves of E vs. any
arameter that varies monotonously with time. The curves illus-
rating changes in the activation energy as a function of T and ˛ are
hown in Fig. 3. In both plots, the activation energy curve produces
wo humps corresponding to the first and second oxidation steps.
he curves are relatively “noisy” because they are obtained from
he slopes of such plots as shown in Fig. 2. Most of the observed
oise represents small, random changes in the experimental ther-
ogravimetric traces rather than actual variations in the activation

nergy. The activation energy plotted as a function of T shows the
emperature shift of the oxidation steps with increasing heating
ate. The activation energy plotted as a function of ˛ shows that the
teps occur over about the same ranges of the reaction progress.

Data for experiments with different heating rates are processed
ndependently so that the resulting activation energies can be com-
ared directly to one another. The activation energies determined
rom different experiments should coincide if the same oxidation
rocesses control the reaction in corresponding oxidation stages.
his reasoning remains valid when the current measurements per-
ormed at higher heating rates are compared to earlier data [11].

Shown in Table 1 are average values for the activation energy

etermined for each group of data points in Fig. 3 – corresponding
o the first and second oxidation steps, respectively. The activation
nergy was considered representative if the value was above the
0th percentile in each respective group. The limits in T and ˛ were
etermined as the points where the E value rose above, and dropped

able 1
ummary of observations from Fig. 3.

Heating rate [K/min] First observable oxidation step: amorphous-to-� tra

T [K] ˛ EA [kJ/m

5 802–850 <2.8% 393 ±
20 815–882 <2.4% 383 ± 1
50 847–904 <1.8% 458 ±

200 885–930 <1.3% 372 ±
500 889–941 <0.8% 188 ±
Fig. 4. Reciprocal onset and end temperatures of the oxidation steps shown in Fig. 1.
The figure is calculated from data in Table 1, including measurements at 5, 10, 20, and
40 K/min from a previous investigation [11] (open symbols, shifted in ˇ for display)
and at 5, 20, 50, 200, and 500 K/min from current work (filled symbols).

below the 20th percentile, respectively. The data in Table 1 are also
shown in Figs. 4–7. In addition, Figs. 4–7 include processed data
from earlier experiments [11].

Some systematic trends became apparent. The (inverse) tem-
peratures bracketing the oxidation steps (onset and end) shift
nearly linearly with the logarithm of the heating rate (Fig. 4). This is
expected for thermally activated processes. The data from the ear-
lier, lower heating rate measurements [11] appear to correlate with
the newly produced measurements at higher heating rates. The
temperature shift of the first oxidation step appears to be slightly
Fig. 5. Initial and final values of the reaction progress of the oxidation steps shown
in Fig. 1, using data in Table 1. See Fig. 4 for explanation of symbols.

nsition Second observable oxidation step: � alumina growth

ol] T [K] ˛ EA [kJ/mol]

108 1063–1190 8.0–34 341 ± 105
55 1106–1237 7.0–31 345 ± 54

123 1126–1294 6.0–30 269 ± 82
230 1136–1334 4.0–28 318 ± 103
115 1177–1340 3.5–19.5 291 ± 95
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ig. 6. Average activation energies of the first oxidation step, from data in Table 1.
ee Fig. 4 for explanation of symbols.

or 500 K/min, the RHS of Eq. (2) never has a negative slope between
he first and second observable steps. The end of the second oxida-
ion step also occurs at lower degrees of oxidation at higher heating
ates. This trend indicates an increased influence of the second oxi-
ation step (and, respectively, reduced effect of the first oxidation
tep) on the oxidation kinetics for greater heating rates, of interest
o practical ignition situations.

The activation energies calculated for the second oxidation step
re consistent at an average value of 300 kJ/mol between the cur-
ent set of experiments and also previous measurements at lower
eating rates (Fig. 7). This gives further support to the idea that
he growth of � alumina on the surface of the aluminum parti-
les is the only process responsible for this oxidation step [11,12],
nd that within the resolution of the measurement/data processing,
he mechanism of oxidation remains unchanged up to the highest
eating rates covered in this study.

In contrast, the activation energy of the first oxidation step
Fig. 6) varies more with a substantial decrease towards higher
eating rates, and also has larger error bars. This can be under-
tood when one takes the nature of this oxidation step into account.
ccording to the current oxidation model, this oxidation step

ncludes at least three distinct processes: the growth of amorphous

lumina, the transition of amorphous to a porous layer of � alu-
ina, and the eventual ‘healing’ of the porous � alumina layer to

orm regular polycrystalline � alumina coating [11,12]. Therefore,
he average activation energy is a composite value that shifts as

ig. 7. Average activation energies of the second oxidation step, from data in Table 1.
ee Fig. 4 for explanation of symbols.
Fig. 8. Results of isoconversion analysis of the TGA measurements from 5 to
500 K/min.

the relative influence of the component processes changes. Fur-
thermore, it is possible that the activation energy of the transition
from the amorphous to � Al2O3 polymorph is not constant and is
affected by the thickness of the oxide layer in which this transition
occurs.

The consequence of the decrease in the activation energy of the
first oxidation steps at higher heating rates is that the tempera-
ture shift with increasing heating rates becomes more pronounced.
This may, at very high heating rates, lead to the second oxidation
step occurring at lower temperatures than the transition between
amorphous and � alumina. This would necessarily mean that � alu-
mina starts growing on or within the amorphous alumina before
the amorphous surface layer transforms to � alumina. This poten-
tial effect, combined with the observed decrease in the degree of
reaction at the end of the first oxidation step (see Table 1 and
Fig. 5), further suggests that the ignition of aluminum particles (at
least for the particle sizes covered) is controlled by the processes
dominating in the second oxidation step.

The activation energies that are reported depend on, and are
strictly valid only for the specific particle oxidation model devel-
oped in Ref. [12]. To independently assess the activation energies
for the growth of amorphous and � alumina, an isoconversion anal-
ysis [15] was performed on all current measurements. The result,
an apparent activation energy as a function of the degree of oxi-
dation ˛, is shown in Fig. 8. As expected, the region where the
amorphous-to-� transition occurs (˛ < 3%) can be distinguished
from the interval where � alumina grows (˛ > 5%). However, the
transitions between these intervals, as well as the upper end of the
� growth interval are problematic.

As can be seen in Figs. 1 and 5, the end of the amorphous-to-
� transition and the beginning of � growth occurs at decreasing
degrees of oxidation as the heating rate increases. A similar effect
is seen at the end of the � growth step. This causes the isocon-
version analysis in the affected intervals to break down, since at,
e.g., 2% reaction progress, the amorphous-to-� transition at 5 K/min
is considered the same “degree of conversion” as the � growth at
500 K/min, while these different processes clearly are character-
ized by different activation energies. This breakdown is recognized
in Fig. 8 as the wide depression of the activation energy near 3%
and before 25%, and as a result, no meaningful activation energy
can be determined by isoconversion analysis for the amorphous-
to-� transition. On the other hand, in the interval where � growth

is the only process for all heating rates, ranging at least from 10%
to 20% reaction progress, the activation energies obtained by iso-
conversion analysis are very consistent with the values shown in
Fig. 7.



imica Acta 507–508 (2010) 115–122 119

4

e
s
d
e
m

m
g
i
p
e
i
f
c
b
o
a

s
m
i
o
b
f
[
a
d
I
i
w
d
t

v

w
m
t
t
�
a
r
t
t
b
a
f
t

s
t
a
h

C

w
[
n
h

M. Schoenitz et al. / Thermoch

. Refining and validation of the oxidation model

To refine the oxidation model by direct comparison with the
xtended set of TG measurements performed in this study, a
et of computed TG curves was prepared following an algorithm
eveloped earlier [12]. The algorithm includes a large number of
mpirical parameters (see Table 3 in Ref. [12]) and is briefly sum-
arized below.
The oxidation rate of an aluminum particle is exclusively deter-

ined by the state of the oxide layer on the particle surface. At any
iven time there may be more than one oxide polymorph present
n the surface oxide layer. To simplify calculations the different
olymorphs are modeled as concentric shells or sublayers. The par-
nt oxide according to the transition sequence amorphous → � → �
s always located adjacent to the aluminum core, and the newly
ormed product oxide is located on the outer surface of the parti-
le. The growth of an individual oxide shell is summarily described
y the diffusion of a relevant chemical species (e.g. oxygen inward
r aluminum outward) using Eq. (1), which requires as coefficients
pre-exponent and an activation energy.

The transition from one alumina polymorph with decreasing
tability to the next more stable polymorph, e.g., amorphous alu-
ina transforming to � alumina, is expressed in terms of the

nterface between the alumina polymorphs moving across the
xide layer, consuming the parent oxide, and leaving the product
ehind. All polymorphic transitions are described using the same
ormalism as presented below for the amorphous-to-� transition
12]. The velocity of the movement of the interface, vam → � , requires
n activation energy and a pre-exponent (different from those
escribing growth of oxide by diffusion through the growing layer).

n addition to the transformation rate increasing with increas-
ng temperature, the stability of the parent polymorph decreases

ith increasing layer thickness, and therefore the pre-exponent
escribing the interface velocity is modeled as a function of both,
emperature and parent oxide thickness:

am→� = Fam→� T

[
1 − exp

(
−Kam→� ham

RT

)]
exp

(
Eam→�

RT

)
(4)

here h is the layer thickness, and F and K are empirically deter-
ined coefficients. The newly formed � oxide sublayer is assumed

o not pose any diffusion resistance until it reaches a minimum
hickness h� ,min. This means that before that thickness is reached,

alumina grows exclusively by transformation from amorphous
lumina. Once that thickness is reached, the calculated diffusion
esistance of � alumina is compared to the diffusion resistance of
he shrinking amorphous oxide sublayer. Of the two sublayers, only
he sublayer with a higher diffusion resistance is allowed to grow
y diffusion. Consequently once diffusive growth is turned on for �
lumina, the amorphous sublayer will be consumed by the trans-
ormation reaction (Eq. (4)) and disappear within a relatively short
ime.

Further, � alumina is considered to have reached its full diffu-
ion resistance only after it reaches a critical thickness, h� ,max. Until
hat occurs, the pre-exponent describing the diffusive growth of �
lumina (see Eq. (1)) is modeled as a linear function of its thickness,
� :

� = C∗
�

[
X� − h� − h�,min

h�,max − h�,min
(X� − 1)

]
(5)
here X� is yet another parameter empirically determined in Ref.
12] to fit the measured TG oxidation curves. The minimum thick-
ess h� ,min was set to 5 nm, and the maximum transition thickness
� ,max is determined as a function of the heating rate according to
Fig. 9. Comparison of the TG curve at 50 K/min with model calculations using dif-
ferent sets of coefficients (see text for detailed explanation).

the equation:

h�,max = 2h�,min + G� exp
(

−L� · dT

dt

)
(6)

The coefficients G� and L� are determined from the relation of
the � layer thickness vs. heating rate at the beginning of the region
where � is the only polymorph. The � layer thickness was estimated
from the sample TG curve at the temperature where dm/dt has a
minimum after the first weight increase step (see Fig. 1). For further
details, please see Ref. [12].

This model was used to reproduce computationally the TG
curves measured in this study at heating rates up to 500 K/min
(8.33 K/s). The comparison of the model calculations and the mea-
surement is shown in Fig. 9, using a heating rate of 50 K/min as
example. The experiment is shown as a bold line. Several options
existed regarding the treatment of the set of coefficients needed for
Eqs. (1), (4) and (5). First, the TG curve calculated directly using the
original set of coefficients given in Ref. [12] (p. 611 and Table 3), is
shown as the dotted line in Fig. 9. The original set of coefficients
was determined from measurements in the range 5–40 K/min,
and under the simplifying assumption that the powder can be
described by a single particle size corresponding to a particle with
the specific surface area that was measured by BET for the entire
powder.

The particle size of the Al powder used here has been measured
previously using low-angle laser light scattering (Beckman Coulter
– LS 230 Analyzer) [16] making it feasible to calculate TG curves for
the specific size distribution rather than for a single size. To account
for the size distribution, the oxidation profile m = f(T) was calcu-
lated for each size bin, and then all profiles were averaged using
the volume-based size frequencies as mathematical weights. Fig. 9
shows the calculated TG curve for a powder with the full size distri-
bution as the dashed line. Taking the size distribution into account
increases the calculated weight change (by a small amount) at the
temperatures covered by the experiments. However, the general
difference to the measured curve is not significantly affected.

As noted above, the model uses a large number of coefficients.
Potentially, the TG curves could be fitted perfectly if all coefficients
were allowed to vary. To not over-interpret the measurements, the
kinetic parameters describing the diffusion through the growing
oxide layer, and describing the phase transition, i.e., the respec-
tive activation energies and pre-exponents identified in Ref. [12]

were not varied. The activation energies identified in Table 1 have
too large uncertainties to give compelling reasons to change the
model parameters from those given in Ref. [12]. Within their error
bars they are consistent with the earlier parameters. However, the
greater range of heating rates covered by the current set of exper-
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Table 2
Parameters used in the kinetic model of aluminum oxidation. Original parameters are from Ref. [12]. Parameters that were updated in this manuscript are marked.

Eam: 120 kJ/mol Cam: 5.098 × 10−8 kg/(m s)
E� : 227 kJ/mol C� : 4.0784 × 10−3 kg/(m s)
E˛: 306 kJ/mol C˛: 2.3791 × 10−2 kg/(m s)

Eam→� : 458 kJ/mol Kam→� : 1 × 1012 J/(mol m) Fam→� : 2 × 1015 m/(s K)
E�→˛: 394 kJ/mol K�→˛: 1 × 108 J/(mol m) F�→˛: 5 × 106 m/(s K)
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h�,min: 3.47 nm† G� : 14.1 nm†

h˛,min: 61.1 nm† G˛: 98.5 nm†

ments allows one to determine the critical thickness parameter
� ,max (Eq. (6)) with greater confidence than before.

The thin dash-dot and solid lines in Fig. 9 represent the set of
oefficients with updated h� ,min, G� and L� coefficients and a single
ET-derived particle size, and the full size distribution, respectively.
rom the method used to determine h� ,min, G� and L� , it is not sur-
rising that the updated thickness relations achieve a significant

mprovement in the fit between computation and experiment.
An updated list of adjustable parameters and their refined values

ased on the current experiments is given in Table 2.
Fig. 10 shows the comparison of current measurements at 5,

0, and 500 K/min to calculated TG curves using the real size dis-
ribution, and kinetic coefficients with updated h� ,max = f(dT/dt)
elations. The calculations fit the measurements reasonably well.
he shift of the amorphous-to-� transition step below 1000 K as a
esult of the change in heating rate is reproduced very well, as is
he degree of oxidation after the transition step. The calculations
verestimate the shift of the � growth step, although the degree of
xidation after the �-to-� transition is also reproduced well. The
bility of the kinetic model to directly reproduce new experiments
ith the extended range of heating rates in terms of sequence and

iming of the phase transitions and in terms of growth of individual
olymorphs is encouraging.

Although the calculations in the range of heating rates covered
y the experiments show that the oxidation rate is always limited
y diffusion through the growing surface oxide layer, this is not
ecessarily the case for higher heating rates. At the stage when
ll of the parent oxide has disappeared two qualitatively different
ases can be distinguished. At low heating rates the thickness of the
roduct layer will have exceeded h , and oxidation will be rate
i,min

imited by diffusion through the growing product oxide layer. As
entioned, all TG experiments represent this mode of oxidation.
t high heating rates, however, the product layer may not have
eached the minimum thickness hi,min, and will therefore remain

ig. 10. Comparison of experiments and model calculations over the covered range
f heating rates.
L� : 0.360 s/K† X� : 200
L˛: 0.563 s/K† X˛: 150

porous even after the parent layer have disappeared. In the latter
case, diffusion resistance of the product oxide layer is negligible so
that the fresh, unoxidized aluminum surface is exposed. The oxida-
tion rate will be limited by diffusion in the surrounding gas phase
only. In the current model calculations this situation is predicted to
occur at heating rates above 103 K/s. Fig. 11 shows the qualitative
difference in the oxidation behaviors below and above this critical
heating rate.

Although this situation is not achievable in the current TG exper-
iments, the calculations can be compared to ignition experiments at
high heating rates. A single particle ignition experiment has been
described previously [13,17] where a 3.4 �m diameter particle is
moved in air across the focal spot of a stationary CO2 laser beam
with variable velocities, achieving heating at variable rates in the
range 0.5 × 106 to 3 × 106 K/s.

For a detailed description of the experiment and calculations of
the particle temperature history while heated by the laser beam,
please refer to Refs. [13,17]. In a previous report [17], the ignition
behavior was approximated by a simplified zeroth order reaction
without attempting to account for physical processes on the par-
ticle surface. This simplified description reproduced the ignition
behavior observed in experiments. In particular, the model repro-
duced the variation in the laser power required to ignite particles
crossing the laser beam at different speeds, and thus heated at dif-
ferent rates. The calculated temperature reached by the particle
just before the thermal runaway due to the exothermic reaction,
referred to as ignition temperature, was not sensitive to the heating
rate for the relatively narrow range of heating rates covered by the
experiments. Particle ignition was always observed when particles
were heated to ∼1150 K. However, the extended oxidation model

used in the present manuscript can be validated if it predicts the
same ignition temperature for the range of heating rates and under
the heat transfer conditions of the laser ignition experiment.

Fig. 11. Oxidation behavior at heating rates just below and above which gas phase
diffusion becomes a rate limiting factor.
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ig. 12. Predicted rates of heat release due to oxidation and heat losses due to
onvection for a 3.4 �m diameter aluminum particle heated at 106 K/s.

To approximate the conditions of the ignition experiment, an
luminum particle with 3.4 �m diameter is suspended in room
emperature air, and a constant heating rate is imposed. The heat
enerated by the surface oxidation is then balanced against con-
ective heat losses of the particle. Convection is the dominant heat
oss mechanism at the ignition temperatures, exceeding radiation
y about 3 orders of magnitude (see Fig. 8 in Ref. [13]), and there-
ore other contributions to the heat loss can be neglected. Fig. 12
hows the result of this comparison at a heating rate of 106 K/s. It is
pparent that the convective heat loss rate is only exceeded at the
tage in the oxidation process where fresh unoxidized aluminum
urface is exposed, which allows a relatively straightforward deter-
ination of the ignition temperature due to the sharp increase in

he heat generated. Once the convective heat losses are exceeded,
he reaction becomes self-sustained and can continue even if the
xternal heat source (laser beam in this case) is removed. Note
hat once the heat release due to heterogeneous oxidation exceeds
he convective heat losses, it is expected that the vapor phase
eaction becomes significant and further contributes to the par-
icle heating. Because vapor phase reactions are not included in

he present analysis, the sharp spike in the heat release shown
n Fig. 12 is followed by the drop in the heat release rate, indi-
ating the thickening of the parent oxide layer. In order for this
nalysis to remain relevant after the instant the convective heat
osses are exceeded, vapor phase reactions must be added to the

ig. 13. Comparison of the predicted ignition temperature as a function of the heat-
ng rate and the ignition temperature inferred from the laser ignition experiments

ith the heating rates varied in the range of 0.5 × 106 to 3 × 106 K/s.
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heat balance calculations, which is beyond the scope of the present
paper.

Fig. 13 shows the ignition temperature determined as the
instant when the reaction heat release exceeds the convective
losses at a number of heating rates in comparison to the temper-
ature at which aluminum particles are observed to ignite in the
laser heating experiments in air reported in [13,17]. The oxida-
tion model predicts the ignition temperature that is identical to
that implied by direct processing of the experimental data with the
maximum difference between calculated and experimental igni-
tion temperatures less than 30 K. The model calculations presented
in this manuscript, specifically regarding the transition from amor-
phous to � alumina, are therefore consistent with experimental
observations at heating rates in the 106 K/s range.

5. Conclusions

Aluminum particle oxidation in an argon/oxygen mixture was
studied experimentally at heating rates up to 500 K/min and tem-
peratures up to 1473 K. The previously established aluminum
oxidation model considering consecutive changes in the surface
oxide layer was confirmed qualitatively. The results were pro-
cessed to extract the activation energy associated with the stages
of the oxidation model. The values have relatively large uncer-
tainties but agree substantially with previous results based on
experiments performed at lower heating rates. New experimental
data refined parameters describing the transition of amorphous to
� alumina, where the initial formation of � appears to become less
dependent on heating rate as the heating rate increases. The pre-
dictions of the refined oxidation model are found consistent with
the results of recent laser ignition experiments in which aluminum
particles were heated in air at about 106 K/s. The present results
indicate that ignition of laser-heated micron-sized aluminum par-
ticles occurs when the integrity of the protective oxide layer is
disrupted by a polymorphic phase change between amorphous and
�-Al2O3.
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