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Oxidation, ignition, and combustion processes are studied and compared for a fine nickel-coated aluminum
powder and reference uncoated aluminum powder with a similar particle size distribution. Oxidation is studied by
thermogravimetry in argon—-oxygen mixtures. Ignition processes are studied for powders coated on an electrically
heated metal filament. Combustion is characterized in constant volume explosion tests. Both ignition and combustion
experiments were performed in air. Thermogravimetric measurements showed selective oxidation of Ni at low
temperatures, at which the oxidation of Al remains undetected. At higher temperatures, oxidation for both the
nickel-coated and uncoated powders occurs in a characteristic stepwise process with individual oxidation steps
associated with polymorphic phase changes in the growing alumina layer and with the growth of individual alumina
polymorphs. The activation energies for individual oxidation steps appear to be unaffected by the Ni coating;
however the oxidation occurs somewhat faster for the coated powder, indicating an increase in the preexponential
coefficients in Arrhenius formulations describing the respective oxidation processes. Ignition kinetics for both coated
and uncoated powders are similar; however, ignition is more readily detected and appears to be more violent for the
coated powders. Finally, powder combustion experiments showed substantially reduced ignition delays and

somewhat increased overall burn rates for the coated powders.

Introduction

ETAL fuel additives to propellants, explosives, and pyro-

technic compositions help increase the energy density of
respective formulations [1-3]. Among various metal additives,
aluminum is used most widely due to its high combustion enthalpy
and low cost [1,4]. Aluminum particles are coated with a thin
protective oxide layer, so that the heterogeneous oxidation reaction
leading to aluminum ignition is rate controlled by a relatively slow
diffusion of aluminum and oxygen ions through this layer [5-8].
Respectively, extended ignition delays often present a bottleneck for
the overall combustion rate of aluminum powders. In addition, the
agglomeration of aluminum particles before ignition, in particular
occurring in solid propellant formulations, results in further ignition
delays and the incomplete combustion of metal particles [9,10]. One
approach proposed to reduce ignition delays and increase the burn
rate of aluminum powders is based on using nickel surface coatings
[11-21]. Such coatings are produced using one of several chemical
methods, including an electroless nickel plate solution for treating
aluminum powder [22], using aluminum to reduce metals from
solutions of its salts [23], and using a modified polyol process [24].
Limited information is currently available about the ignition and
combustion processes for such nickel-coated aluminum powders.
For example, it was reported that nickel-coated aluminum powders
could be ignited on the surface of an electrically heated nickel-
chromium filament whereas similar powders without such coating
did not ignite [21]. Coated powders also exhibited a reduced ignition
temperature compared to uncoated aluminum [21]. Burn rates for
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individual particles were reported to be unaffected by the Ni coating
[21]; however, the bulk burn rates of the coated powders were
reported to be greater than that of uncoated aluminum [18]. It was
reported that AI-Ni intermetallic reaction is capable of supporting a
flame in a cloud of coated Al-Ni powders aerosolized in inert gas
[13]. Experiments with Ni-coated particles with sizes ranging from
32 pum to 1 mm levitated in various oxidizing environments and
ignited with a laser beam were reported in [14-16]. Those experi-
ments established that, for Ni-coated particles with thick coatings
(~50 wt% of Ni), ignition is defined by reactions in the Ni-Al
system and does not depend on the presence of an external oxidizer.
A similar conclusion was made for large, 2.5 mm particles with Ni
coatings comprising 29 and 58 wt% ignited under normal and
microgravity conditions [19]. For finer particles and thinner coatings,
the Ni—Al reaction was considered a critically important exothermic
process assisting ignition; however, the role of selective oxidation of
nickel or the effect of nickel on the oxidation of aluminum were not
considered. Micron-sized particles with small bulk concentrations of
Ni are expected to be used in practical energetic formulations, in
which it is desirable to maximize the overall energy density of the
fuel additives. Thus, heat release due to the intermetallic AI-Ni
reaction may become comparable to or even smaller than the heat
released due to the heterogeneous oxidation of aluminum. The rate of
oxidation itself can be affected by the presence of the Ni coating
instead of, or in addition to, the natural amorphous aluminum oxide
coating present on surface of pure Al powders. The objective of the
present study is to characterize heterogeneous reactions leading to
ignition in fine Ni-coated aluminum powders. It is further desired to
assess whether the presence of relatively small amounts of Ni affect
ensuing particle combustion.

Materials

Nominally spherical aluminum powder coated with nickel
manufactured by Technion—Israel Institute of Technology was used
for this study. According to the manufacturer’s specification, the
material contained 5 wt% of nickel. The powder’s nominal particle
size was 9.5 pm. For comparison, experiments were also performed
with nominally spherical aluminum powder supplied by Alfa Aesar.
The particle size was specified to be in the range of 1-5 pm and the
powder purity was 99.9%.

The particle shapes and coating morphology are illustrated in the
scanning electron microscope (SEM) images shown in Figs. 1 and 2.
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Fig. 1 SEM micrographs of powders of aluminum: a) coated with nickel, and b) uncoated.

An overview of the particle shapes is shown in Fig. 1 (using a
Phenom Tabletop Microscope by FEI Technologies, Inc.). In both the
nickel-coated and reference uncoated aluminum powders, multiple
nonspherical particles are observed. Generally, the particle shapes
and dimensions are similar between the two materials. Images
obtained using backscattered electrons clearly show the nickel
coating. The coating is not continuous; instead, it consists of multiple
nickel particles adhering to the aluminum surface. Close-up, second-
ary electron images are shown in Fig. 2 (using a LEO 1530 Field
Emission SEM), indicating that the nickel particles are nearly
spherical, with sizes ranging approximately from 10 to 100 nm. The
coating is not entirely uniform; some particles have surface spots
without apparent coating. Note that a similar coating quality was
reported in [21], in which powders prepared at Technion—Israel
Institute of Technology were also used. In addition, a similar
discontinuous coating was achieved in [24], in which a modified
polyol process was used to prepare the powders. In most of the
previous reports dealing with Ni-coated Al powders, the coating was
reported to be continuous; however, the coating continuity was only
directly confirmed for larger particles, for example, in [14,19].
Considering the morphology of the coating observed in this work as
well as in [21,24], it is unclear whether a continuous Ni coating is
achievable when fine Al particles are used and the mass percent of Ni
is limited.

Particle size distributions were measured using a Beckman Coulter
LS230 Enhanced Particle Analyzer and are presented in Fig. 3. The
powders were suspended in deionized water. The laser scattering data
was processed using a Mie scattering model with refractive indices
taken from [25]. For both the nickel-coated and reference uncoated
powders, the particle sizes are similar and the volume-based mean
particle size in both cases is close to 9 pm. The similarities in particle
size distributions and shapes justify the assumption that any
differences in the oxidation, ignition, and combustion behaviors can
be attributed to the role of the nickel coating.

X-ray diffraction (XRD) patterns for the nickel-coated powder
were collected using a Philips X’pert MRD powder diffractometer
operated at 45 kV and 40 mA and using unfiltered Cu K, radiation
(1.5438 A). A characteristic pattern is shown in Fig. 4. The XRD
patterns were used to assess the consistency within the powder batch
used for the experiments. As expected, peaks of Al and Ni are
observed with no major impurities or Al-Ni alloys detected. XRD
patterns were collected from different powder samples to verify the
consistency of the nickel concentration throughout the batch of
powder used for the oxidation and combustion studies. The ratio of
the amplitude of the Ni(200) peak to the sum of the amplitudes of the
Ni(200) + Al(111) peaks calculated for different collected XRD
patterns was found repeatedly to be at 0.0335 £ 0.0021 (standard
deviation). The results were reproducible, indicating that the overall
nickel concentration remained constant.

Experimental Techniques

The oxidation behavior of powders was studied using thermo-
gravimetry (TG). The measurements were performed using a
Netzsch Simultaneous Thermal Analyzer STA409 PC in a mixed
Ar/O, environment. Flow rates of oxygen (Matheson Tri-Gas,
99.98%) and argon (Matheson Tri-Gas, 99.999%) were maintained
at 50 ml/ min each. [To minimize the effect of coalescence of the
molten aluminum particles on the reactive surface of the sample,
selected experiments were performed with metallic powders blended
with alumina. The alumina used was by Intramat Advanced
Materials (o Al, O3, crystal size ~40 nm, particle size ~150 nm). To
prepare samples for the TG measurements, 25 wt% of metallic
material was added to 75 wt% of alumina; the powders were mixed in
hexane using an ultrasonic bath. Before the TG measurements, the
blended sample was dried in a vacuum chamber.] The TG
experiments were repeated with both the blended and pure samples

Fig. 2 Secondary electron SEM micrographs of a nickel-coated aluminum particle: a) overview, and b) close-up.
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Fig. 3 Particle size distributions for the Ni-coated and uncoated
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Fig. 4 X-ray diffraction pattern of the nickel-coated aluminum
powder.

placed in the sample holder; the results were consistent between
themselves indicating only a minor effect of the powder coalescence.

The ignition of materials was studied using a heated filament
technique described in detail elsewhere [26-28]. A thin layer of
powder was coated onto an electrically heated wire (alloy compo-
sition of 60% N, 16% Cr, and 24% Fe by Consolidated Electronic
Wire and Cable; useful temperature range up to 1953 K or 1680°C).
The wire temperature was monitored optically, while an additional
photosensor recorded the emission from the powder coating. A spike
or sudden increase in the powder emission intensity was interpreted
as ignition, and the filament temperature at that instant was assumed
to be the ignition temperature. Measurements performed at different
filament heating rates enabled one to obtain information about the
ignition kinetics. The filament ends are crimped into a spring-loaded
holder, so that the filament remains straight despite its thermal
expansion. However, when the temperature increases the filament
becomes more and more ductile, and at some point it fails mechan-
ically. In these experiments, it was noted that the heated filament
failure often occurred at a temperature close to the ignition temper-
ature of the powder coating. It was also noticed that, during the
temperature ramp, some powder was falling off the filament, making
detection of ignition of the remaining powder difficult. To remedy
these issues, two heating wires were braided together and used as a
heated filament. The braided wire was stronger than a single wire, so
that its failure occurred at a higher temperature. Therefore, ignition
was detected without interference with the signal produced by the
failed filament. In addition, the powder coating adhered better to the
braided wire surface.

Combustion of powders was characterized using a constant
volume explosion (CVE) apparatus [29,30]. A cloud of powder was
produced in a 9.2 I nearly spherical vessel; the cloud was ignited at its
center by an electrically heated tungsten wire. A pressure transducer
was used to record the pressure pulse produced by the propagating
flame. The maximum pressure achieved in this CVE experiment is
proportional to the total energy released in combustion, whereas the
rate of pressure rise is indicative of the reaction rate. The CVE
experiment is well suited for the comparison of combustion

characteristics for different materials to each other, in this case
comparing the combustion of coated and uncoated Al powders.

Results
Oxidation of Nickel-Coated Aluminum Powders

The weight increase during the oxidation of the Ni-coated
aluminum powder and uncoated reference sample is shown in Fig. 5.
Temperature derivatives of the recorded TG traces are also shown for
both materials. The overall shapes of the TG traces are similar and
exhibit a characteristic stepwise oxidation pattern as reported for
aluminum earlier [5]. However, the first oxidation step for aluminum
is preceded by a small weight increase occurring for the Ni-coated
powder observed in the vicinity of 680 K. This weight increase is
emphasized in the insets shown in Fig. 5 for both the TG traces and
their derivatives. Following this small weight increase, the first
oxidation step occurs identically for both the coated and uncoated
powders. There are minor differences in the completeness of
oxidation by the end of the second oxidation step, with the Ni-coated
sample oxidizing slightly more than its uncoated counterpart. By the
end of the third oxidation step, these differences diminish. There are
also minor differences in the oxidation rates during the second and
third oxidation steps, which are further explored in experiments with
different heating rates.

The small weight increase at low temperatures was expected to be
due to the selective oxidation of Ni. To validate this hypothesis, a
sample of the Ni-coated powder was heated in the oxidizing
environment in the TG analyzer to the temperature of 798 K (525°C),
cooled off, and investigated by XRD. The obtained XRD pattern
shown in Fig. 6 reveals the presence of nickel oxide (NiO) and the
absence of metallic Ni, thus confirming that the initial, low-
temperature weight increase was associated with the selective
oxidation of Ni. Based on the Ni-peak-to-noise ratio in Fig. 4, and
based on the noise measured in the XRD pattern shown in Fig. 6, itis
concluded that less than 0.5% of Ni (less than one-tenth of the original
nickel content) could remain undetected by the XRD measurement.
The magnitude of the observed weight increase is also consistent with
the hypothesis of the selective nickel oxidation. Oxidation of all the
nickel present in the sample should result in about a 1.4% increase in
the sample weight. The observed weight increase is about 2.4%,
which indicates that the nickel is likely to be completely oxidized in
addition to some additional low-temperature oxidation of the
aluminum. No aluminum oxide phases are observed in the XRD
patterns, however. This is not unusual for aluminum powder
oxidation typically resulting in the formation of amorphous oxide.

TG experiments were performed at heating rates of 5, 20, and
40 K/ min to establish kinetics of each observed oxidation step. The
derivatives of the recorded TG traces were obtained, and the peak
positions were plotted in Arrhenius coordinates to recover respective
apparent activation energies. It is of primary interest whether any of
the oxidation steps observed at low heating rates in the TG
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Fig. 5 TG traces and their derivatives for the oxidation of aluminum
coated with nickel and uncoated aluminum powders.
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Fig. 6 XRD trace for the Ni-coated Al powder sample heated to 798 K
(525°C) in an oxidizing environment at 5 K/ min and cooled off.

experiments can be directly associated with the ignition of respective
powders occurring at significantly greater heating rates. These results
are presented in the next section, in comparison to the results of the
heated filament ignition experiments.

The overall oxidation completeness was monitored for all TG
experiments. The oxidation completeness for aluminum achieved for
different heating rates can be compared between the two materials
assuming that Ni is completely oxidized. With this assumption,
supported by our observations presented earlier, for the Ni-coated
material, the completeness of aluminum oxidation (a function W,
varied from O for unoxidized metal to 1 for the fully oxidized
aluminum) can be evaluated based on the measured sample mass, 1,
and its initial mass, 7.
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where wt% stand for weight percents and MW are the molecular
weights with subscripts indicating individual species. The results
comparing the oxidation completeness of Al for coated and uncoated
powders for different heating rates are presented in Fig. 7.

Based on the total weight gain achieved, for all experimental
heating rates the aluminum component in the Ni-coated samples was
oxidized more completely than the uncoated aluminum.

Powder Ignition

Examples of characteristic sets of signals recorded in a filament
ignition experiment are shown in Fig. 8. The temperature trace shown
for each case is labeled as “extrapolated temperature” and is a
temperature vs time dependency obtained by a linear extrapolation of
the temperature ramp measured by the infrared pyrometer within its
range of calibration, that is, 873-1203 K (600-930°C). The
linear extrapolation is supported by calculations of the filament
temperature based on the applied voltage, the impedance of the
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Fig. 7 Relative oxidation completeness for aluminum based on the final
weight gain for the Ni-coated and uncoated Al samples heated to 1768 K
(1495°C) in an oxidizing environment at different heating rates.
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Fig. 8 Photodiode traces and their time derivatives used to identify
ignition instant for the powders coated onto an electrically heated
filament. For reference, similar traces recorded for a blank (uncoated)
filament are also shown. In addition, temperature as a function of time is
shown for each experiment. The temperature traces are obtained by
extrapolation of the filament temperature as a function of time measured
optically in the range of 600-930°C.

filament-containing circuit, and the heat transfer between the filament
and surrounding air [26], and it remains valid while the radiation heat
losses from the heated filament are small compared to convection. Ina
previous work [27], the linear extrapolation of the temperature ramp
was also supported by additional temperature measurements using a
three-color pyrometer. Despite nominally identical initial settings,
the temperature ramps are not exactly the same for different repeated
experiments; the differences between the temperature ramps shown
in the three plots presented in Fig. 8 illustrate this. Primarily, the
differences are due to the minor changes in the filament resistance and
somewhat varied battery capacity (as it discharges in the course of
experimentation).

The recorded photodiode traces initially exhibit an increase in the
amplitude as expected for radiation of a gray body with a linearly
increasing temperature. The ignition instant is determined from the
recorded photodiode trace, which indicates a rapid increase in the
emission intensity. To identify such an instant more reliably, a time
derivative of the recorded photodiode signal is obtained, as shown in
Fig. 8. For the blank filament, the increase in the photodiode signal is
continuous, until the signal saturates (as in the example shown in
Fig. 8) or until the filament breaks down, depending on the aperture
restricting the light reaching the photodiode. Typically, the aperture
is chosen to better resolve the photodiode signal in the vicinity of the
ignition event. In the example shown in Fig. 8, the filament breaks
down at a much higher temperature than ignition is observed, so that
the photodiode signal recorded for the uncoated filament saturates.
Respectively, the peak observed for the derivative of the photodiode
signal for the uncoated filament is superficial and is associated with
the saturation of the photodiode output. The initial increase in the
photodiode signal for the powder-coated filaments (for both the pure
and Ni-coated Al powders) is slower than that for the uncoated
filament. This is chiefly due to a lower emissivity of the powder
coating as compared to the uncoated filament surface. A rapid
increase in the photodiode voltage is observed for both experiments
with the powder-coated filaments; this increase occurs well before
the photodiode voltage saturates or before the filament breaks down
and is also clearly registered as a peak in the photodiode derivative
trace. Note also that the increase is more pronounced and the
respective photodiode derivative peak is sharper for the Ni-coated Al
powder as compared to the peak produced by igniting uncoated Al.
After the powder ignition, the photodiode signal is strongly affected
by combustion, so that the ignition instant and corresponding
ignition temperatures are the only two parameters usefully recovered
from such experiments.
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Fig. 10 Pressure traces (presented as ratio of the measured pressure
over the initial pressure in the combustion vessel) obtained from the
constant volume explosion experiments for the Ni-coated and uncoated
aluminum powders.

The ignition temperatures measured for different heating rates for
the nickel-coated Al powder are shown in Fig. 9. For reference, the
ignition temperatures for uncoated Al are also shown. Note that, at
heating rates below 8000 K/s, the ignition of uncoated Al could not
be detected. At higher heating rates, the ignition temperatures
practically coincide for both powders. A measurable increase in the
ignition temperature as a function of the heating rate is detected
despite a fairly significant spread of the experimental points. This
trend, characteristic of a thermally activated process driving ignition,
will be further discussed in comparison with the results of the TG
experiments performed at varied heating rates.

Powder Combustion

Characteristic pressure traces recorded for the combustion of
nickel-coated aluminum and pure aluminum powders in a constant
volume vessel are shown in Fig. 10. Both powders ignite and burn
producing similar maximum pressures and exhibiting generally
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Fig. 11 Summary of the constant volume explosion experiment results
for the Ni-coated and uncoated aluminum powders.

similar rates of pressure rise. The main difference between the two
materials appears to be in the induction period, which is the time after
the igniter was initiated and until a substantial pressure increase was
observed. This time can be interpreted as necessary to establish a self-
propagating flame. To quantify the induction period, it was defined as
the time between the ignition pulse and the instant when 10% of the
maximum pressure is achieved. A summary of CVE results is shown
in Fig. 11. Consistent with the observations made from Fig. 10, the
values of achieved maximum pressure normalized by the initial
pressure in the vessel, P,/ Py, as well as the values of the maximum
rates of pressure rise, dP/dt,,,,, are very similar for the coated and
uncoated powders. A substantial difference is observed for the
induction period, which is shorter for the Ni-coated material.

Discussion

A set of experiments presented in this paper compares side by side
two aluminum powder samples, one of which is coated with a thin,
discontinuous layer of Ni. The particle size distributions and particle
shapes are generally similar for both powders, as illustrated in Figs. 1
and 2, so that the differences in the observed oxidation, ignition, and
combustion behaviors can be unambiguously assigned to the effect
of the Ni coating.

A characteristic stepwise aluminum oxidation process attributed
earlier to polymorphic transitions in the protective Al,O5 layer [5]
was observed to occur for both the Ni-coated and uncoated powders
(cf. Figure 5). In the TG experiments with the Ni-coated powder,
aluminum oxidation was preceded by selective oxidation of Ni.
However, no effect of Ni coating or of the NiO produced later could
be detected on the apparent activation energies assigned to the
subsequent aluminum oxidation steps. A somewhat greater degree of
oxidation detected for the Ni-coated sample (cf. Figure 7) heated to
the same temperature as the uncoated materials at various heating
rates suggests that the oxidation rate was indeed increased.

Ignition of the coated and uncoated samples on the heated
filament also occurred in a qualitatively similar fashion. The most
substantial difference between the samples was a more-pronounced
radiation increase observed upon ignition of the Ni-coated samples
(cf. Figure 8). This resulted in a more clearly identifiable ignition
onset for all heating rates. The relatively mild increase in the
photodiode signal upon ignition of the uncoated Al powder was
undetectable for the lowest heating rate, whereas ignition of the Ni-
coated samples could still be readily distinguished.

An increase in the heating rate resulted in an increase in the
measured ignition temperature, as shown in Fig. 9, and no significant
difference between the coated and uncoated powders was observed.
The results of the TG experiments performed at different heating
rates and processed using the Kissinger method [31] for each
individual oxidation step are presented in Fig. 12, together with the
filament ignition results processed in the same way. It is interesting
that the group of experimental points obtained from the filament
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Fig. 12 Kissinger plot (logarithm of heating rate, 8, corrected by the
temperature square, 1/72, vs the inverse temperature, 1/T) comparing
the results from the filament ignition and TG experiments for the
Ni-coated and uncoated Al powders.
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ignition measurements lines up best with the trend line formed by the
points representing the second oxidation step of aluminum measured
by the TG. This oxidation step is attributed to the growth of y-Al,0;
that is rate limited by diffusion through the polycrystalline oxide film
[5]. Oxidation processes occurring at lower temperatures, including
the selective oxidation of Ni, the growth of amorphous aluminum
oxide, and its transformation into y-Al,0O;, do not seem to be
important for predicting the ignition temperatures of the aluminum
powders studied. This observation suggesting the key role of kinetics
of growth of y-Al,O; as controlling the particle ignition is equally
relevant for both the Ni-coated and uncoated Al powders. Note that
the latter conclusion may not remain valid if powders with very
different particle sizes (e.g., nanopowders or very coarse particles)
were used.

If the kinetics of growth of y-Al,O; (as well as the kinetics of
ignition for aluminum powders) are described using conventional
Arrhenius formalism, the results presented in Fig. 12 show that the
apparent activation energies are effectively the same for the Ni-
coated and uncoated powders. However, the preexponential factors
do not have to be the same. In fact, minor differences observed in
the completeness of oxidation for the two materials heated at the
same rate to the same temperatures indicate a greater preexponent
for the Ni-coated powder, which achieves greater oxidation
completeness under the same heating conditions. The difference in
the preexponent can be interpreted considering that the oxidative
growth of y-Al,O; is controlled by the grain boundary diffusion,
so that an increase in the preexponent can simply mean a reduction
of the grain sizes and a corresponding increase in the number of
grain boundaries. Additional grain boundaries can also be pro-
duced at the interfaces of Ni or NiO particles and Al or the Al,O;
surface.

An increase in the Arrhenius preexponent is also consistent with
the observed, more-pronounced increase in the photodiode signal
(and the respective peak in its derivative) accompanying ignition of
the Ni-coated powders on the electrically heated filament
(cf. Figure 8). Because ignition is observed at effectively the same
temperatures for both the Ni-coated and uncoated powders, the
difference in the preexponent must be relatively minor. Finally, a
minor difference in the ignition preexponent and a somewhat more
violent ignition can also explain the observed reduction in the
induction time observed for the constant volume experiments with
the Ni-coated powders (cf. Figure 11). Note that the heterogeneous
oxidation processes driving ignition are replaced with a much more
rapid, vapor-phase combustion when the particle temperature
becomes sufficiently high. Therefore, the effect of the ignition
kinetics on the overall burn rates is small.

In closing, it is interesting to briefly compare the present results
with previous publications describing the ignition and combustion of
Ni-coated aluminum particles. In most of the previous papers, large
Al particles coated with continuous and rather thick layers of Ni were
considered; see, for example, [13,14,19,20]. It was reported that for
such samples, unlike for the powder used in this paper, the
exothermic reaction resulting in the formation of a Ni—Al alloy was
important in promoting ignition. Similar to this work, a dis-
continuous coating was detected for micron-sized particles with
smaller Ni contents in [21]. The continuity of the Ni coating for
smaller Ni concentrations was not directly confirmed for micron-
sized particles in [15-18]; however, it was inferred that, similar to the
coarser, Ni-clad particles, the AI-Ni intermetallic reaction plays a
key role in triggering ignition of such materials. For the fine Al
powders employed in this study, which were coated with a thin and
discontinuous Ni layer, the intermetallic reaction was not detected.
Instead, it was observed that Ni starts oxidizing at a lower
temperature than Al and that, for both the Ni-coated and uncoated
powders, oxidation is driven by processes with effectively the same
activation energy, although with different preexponent factors. This
consistent activation energy was attributed to the growth of the
y-Al,O5 polymorph, occurring for both the coated and uncoated Al
powders, and was not associated with any reaction directly involving
Ni or NiO. It is likely that the reaction mechanisms described in this
study for fine, micron-sized powders coated with relatively small

amounts of Ni are most relevant for the practical situations and
systems in which such powders might be used.

Conclusions

The oxidation of fine aluminum powders coated by a dis-
continuous thin layer of nickel begins with the selective oxidation of
nickel, which is followed by a characteristic sequence of growth and
a polymorphic phase transformation in the aluminum oxide. For the
micron-sized powders, the ignition is driven by growth of y-Al,0;
for both the coated and uncoated materials. It appears that, despite
the same activation energy for the ignition-driving oxidation
process, the rate of oxidation is somewhat greater for the coated
powders. The increased rate of heterogeneous oxidation reaction
results in the greater degree of oxidation of Ni-coated powders
under identical heating conditions, in shorter ignition delays, and in
more-pronounced optical signatures produced by the igniting
particles. The changes in the overall combustion energy released in
constant volume explosion tests are negligible for the coated and
uncoated powders.

The intermetallic Al-Ni reactions reported earlier that play a
substantial role in improving ignition of Ni-clad Al particles of much
greater dimensions and with greater Ni concentrations were not
observed to occur for the micron-sized powders studied here.
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