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In aluminized solid propellants, the use of Al particles coated by certain transition metals may improve engine

performance characteristics, owing to decreased agglomeration and lower ignition temperature of the particles. For

this application, a detailed knowledge of particle ignition is required. Earlier, we reported the ignitionmechanism of

single�2:5-mmNi-coated Al particles heated by a laser in Ar andCO2 atmospheres. In the present work, using the

same apparatus, we investigate the ignitionmechanism of Fe-coated Al particles. The results show that intermetallic

reactions contribute to the heating rate upon Al melting at 660�C, but the particles ignite at 1350–1500�C under

normal-gravity conditions. The ignition mechanism includes the formation of a solid Fe2Al5 phase at the interface
between liquidAl and the coating,with subsequentmelting ofFe2Al5, formation of a solid FeAl layer, and conversion

of the Fe coating to a Fe–Al solid solution. Microgravity (10�3–10�2 g) experiments with Fe-coated and Ni-coated Al

particleswere conducted to reduce convection inside the particles, whichmay influence phasemixingduring ignition.

In microgravity, both Ni-coated and Fe-coated Al particles ignited at 1250–1400�C. The significantly lower ignition

temperature, compared with conventional oxide-coated Al, suggests that Fe-coated and Ni-coated Al particles are

promising candidates for propulsion applications.

I. Introduction

T HE combustion of aluminum particles coated by a transition
metal (e.g., nickel, iron, cobalt, and copper) has been studied to

improve Al ignition characteristics [1–6]. This objective is important
for aluminized solid rocket propellants in which Al particles tend to
agglomerate during propellant burning, resulting in the incomplete
combustion of Al and the formation of Al2O3 slag inside the engine
[7]. Agglomeration is apparently related to the high ignition
temperature of Al (�2050�C), causing long particle residence times
in the regressing liquid surface layer of the propellant. It has been
suggested [1] that upon ignition, Al particles vaporize the
surrounding liquid and the entrained gases free the particle from the
liquid surface layer. A reduced particle ignition temperature should
thus decrease agglomerate size.

The ignition temperature of Ni-coated Al particles is lower by
several hundred Kelvin than that of oxide-covered Al particles [4,6].
This is due to the fact that the coating eliminates the natural Al2O3

surface layer, which inhibits ignition and allows exothermic
intermetallic reactions to accelerate ignition. These reactions are
energetic enough to ignite particles in inert atmospheres. Owing to
this feature, Ni-coated Al particles have been used to produce nickel
aluminides through combustion synthesis techniques [8,9].

For propellant applications, knowledge of the ignition and
combustion of single metal-coated Al particles is essential.
Electrodynamic levitation studies established [4] that single
30–60-�m Ni-coated Al particles have significantly shorter ignition
delay times than Al particles and as little as 3-wt% Ni is needed for
the maximum time reduction. The studies, however, could not

provide direct measurements of ignition temperatures or any data
regarding ignition mechanisms.

We recently developed an apparatus for laser ignition of larger
(greater than 1-mm diameter) particles, which allows real-time
temperature measurements via a thermocouple attached directly to
the particle [10]. The temperature data are synchronized with high-
speed digital video to facilitate analysis. Additionally, the apparatus
permits reaction products to be collected for subsequent
investigation using scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDX).

This apparatus was used in a previous study [6] on�2:5-mm Ni-
coated Al particles. It was established that particle ignition is
independent of atmosphere (Ar orCO2) andNi content. The revealed
ignition mechanism relies on intermetallic reactions and phase
transformations. Analysis of the temperature-vs-time curves showed
that 854�C is critical to particle ignition; at this temperature,
exothermic intermetallic reactions begin to contribute to particle
heating.

The present paper focuses on the ignition of �2:5-mm Fe-coated
Al particles and its comparison with that of Ni-coated Al particles.
One motivation for using Fe coatings is that, unlike Ni, Fe is not
toxic. In addition, Fe decreases Al agglomeration during propellant
burning more effectively than Ni [1]. The ignition mechanism of Fe-
coated Al particles, however, is not understood. One problem is that
reactions of Al with Fe are much less exothermic than with Ni. For
example, formation enthalpies for FeAl and NiAl are �54:4 and
�118:5 kJ=mol, respectively [11]. It is thus unclear whether the role
of intermetallic reactions in the ignition mechanism of Fe-coated Al
particles is as strong as for Ni-coated Al. To investigate the
intermetallic reactions and phase transformations during heating/
ignition of Fe-coated Al particles is one objective of the present
research work.

The second objective is investigation of microgravity effects on
the ignition of both Ni- and Fe-coated Al particles. In our previous
experiments with single Ni-coated Al particles under normal gravity
[6], it was established that, despite the heterogeneous nature of the
original particles, the products become well mixed during the
ignition process. In large coated particles, such as those used in this
study, convection due to the difference in densities of liquid phases
can be significant, causing phase mixing (see the Appendix).
Microgravity experiments allow one to decrease convection and thus
investigate the ignition process under conditions close to those for
smaller particles, for which convection is weaker.
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II. Experimental

As previously noted, we used the same apparatus as in our earlier
study on combustion ofNi-coatedAl particles [6], described in detail
elsewhere [10]. Briefly, an infrared CO2 laser (Synrad, Inc., Firestar
t100) was used to ignite single �2:5-mm particles in a combustion
chamber. The laser power was 90 W in all experiments, with the
beam diameter being�5 mm in the particle location. Thermocouple
wires (Omega Engineering, Inc., 26%W/74%Re and 5%W/95%Re)
were spot-welded onto opposite sides of the particle to support it and
to provide real-time temperature measurements. In this configura-
tion, if temperatures in the wire attachment points are equal, the
particle materials, as long as they remain electric conductors, do not
influence the thermocouple signal, which is determined only by
materials of the two attached wires. If the temperatures in the
attachment points are different, the thermocouple signal shows the
average temperature. In principle, there is also a possibility that
during ignition, liquid aluminummay spread over the particle surface
and react exothermically with rhenium of the wires. Our experiments
show, however, that this event did not occur. According to estimates
[6], the static and dynamic errors of temperature measurements did
not exceed �3 and �1%, respectively. A high-speed digital video
camera (Photron Fastcam-1280PCI) recorded the ignition and
combustion processes and was synchronized with temperature and
laser on/off data. The apparatus also allowed performing quenching
experiments in which the laser was powered-down when the particle
temperature exceeded a preset threshold value.

The particles used for this research were 2.38-mm Al spheres
(AlphaAesar) coatedwithNi or Fe via a cyclic electroplatingmethod
[12] (Federal Technology Group). The previous work [6] used
samples containing 6, 29, and 58-wt%Ni, forwhich all three coatings
were resilient enough to withstand the stresses imposed during
heating and resisted thermocouple detachment. Iron-coated Al
particles containing 5, 25, and 56-wt%Fewere prepared, but only the
56-wt% Fe coatings were sufficiently durable to provide temperature
measurements over the entire process.

Studies were performed in pure CO2 and Ar atmospheres.
Experiments in CO2 are important because it is one of the primary
oxidizers of Al in solid rocket motors [7,13]. In addition, combustion
of coated Al in CO2 could be used for propulsion on Mars [14].
Experiments in H2O, another primary oxidizer in solid rocket
motors, as well as in O2 and air, were not possible for technical
reasons. Meanwhile, studies in Ar are useful for examining the Al/
coating interaction and for materials synthesis applications.
Experiments were conducted under pressure 1 atm at room
temperature. All reaction products were cross-sectioned and
analyzed using SEM (FEI Nova NanoSEM) with a low-vacuum
gaseous analytical detector, acceleration voltage of 15 kV, and beam
current of 1 � 10�10 A and using EDX (Oxford Instruments INCA
250 EDX system).

For microgravity experiments, the apparatus was mounted
onboard NASA’s C-9B research aircraft. An externally controlled
rotary stage inside the chamber allowed up to five samples to be
ignited, before lid reopening. In this way, it was possible to perform a
large number of experiments during the flights, which involved 40–
60 parabolas, each with a microgravity (10�3–10�2 g) duration of
20–25 s.

III. Ignition of Fe-Coated Al Particles
in Normal Gravity

A. Experimental Results on Ignition of Fe-Coated Al Particles

Figure 1 shows the temperature-vs-time profiles for 56-wt% Fe
particles heated in CO2 and Ar, for which the laser was active for the
entire duration of the shown time frame. The ignition mark in these
profiles indicates the point of simultaneous sharp increases in the
particle temperature and the particle brightness, determined by
synchronizing the thermocouple signal with high-speed (�2000
frames per second) video recording. Throughout this paper, the
particle temperature at this point is called the ignition temperature.

Note that the combustion temperature of Fe–Al system is
relatively low. Thermodynamic calculations using Thermo software

[15] show that for initial components at 298 K, the adiabatic
combustion temperature of the Fe–Al system is 911�C for a Fe:Al�
1:1mole ratio and 998�C for a Fe:Al� 1:3mole ratio (compare with
1638�C for the Ni–Al system). Thus, the ignition temperature shown
in Fig. 1 is reached due to external heating of the particle by the laser.
Nevertheless, knowledge of the reaction mechanisms at temper-
atures from themelting point of Al (660�C) to themelting point of Fe
(1538�C) is important to understand the ignition process in oxidizing
environments of rocket engines, in which the temperature of ignited
particles increases up to the Al boiling point (2519�C at 1 atm). Also,
the laser power and sizes of particles and thermocouple wires were
the same as in the earlier study [6], which allows direct comparison of
results for Fe- and Ni-coated particles.

Ignition temperatures, as previously defined, for Fe-coated Al
particles in CO2 and Ar atmospheres were 1412� 12 and
1442� 9�C, respectively. Note that these values were obtained by
averaging several experiments, and the ranges represent the
statistically derived 95% confidence intervals for this procedure. As
mentioned in Sec. II, the static and dynamic errors could be�3 and
�1%, respectively (i.e., up to �4% in total, or �57�C). Thus,
accounting for overlapping ranges, it may be concluded that there is
no significant influence of the atmosphere (CO2 vs Ar) on particle
ignition, and the ignition temperatures are in the range of 1350–
1500�C. Unfortunately, quantitative analysis of the temperature
profiles, including comparison with our results for Ni-coated Al
particles [6], was not possible due to uncertainties in particle surface
absorptivities (for the laser radiation, a wavelength of 10:3 �m) and
their strong temperature dependences. The absorptivity differences
also caused offset for the two curves in Fig. 1.

Figures 2 and 3 show several SEM images, along with the
qualitative EDX results, obtained from a particle ignited inCO2. The
presence of Fe2O3 and aC-rich phase, not detected inAr atmosphere,
indicate CO2–shell interactions. Figure 2 also shows the following
Fe–Al phases: Fe-rich solid solution (labeled as�Fe, according to the
Al–Fe phase diagram [16] shown in Fig. 4), FeAl, " phase, FeAl2,
Fe2Al5, FeAl3, and Al-rich solid solution, in which brighter phases
correspond to larger Fe content. It should be noted that the " phase is
not directly observed, because it only exists at temperatures above
1102�C (see Fig. 4); rather, a finely-phase-separated layer containing
40-at.% Fe was detected (see Fig. 3). The compounds formed from
the " phase during cooling could not be conclusively identified using
EDX. The weblike Fe-rich phase is too finely dispersed for direct
measurement, but is believed to be FeAl. The Fe-lean phase,
unidentified in the phase diagram, was found to consist of 35–37-
at.% Fe and is distinctly different from the neighboring FeAl2 (see
Fig. 3).

Quenching experiments were performed in which particle heating
was terminated at 670, 950, 1180, 1250, and 1350�C. SEM images
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Fig. 1 Typical temperature-vs-time profiles for Fe-coated Al particles

ignited in Ar and CO2 at normal gravity.
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obtained from near the core/shell interface of samples quenched in
CO2 atmosphere are shown in Fig. 5. In contrast to ignited particles,
the Fe shell is present in all quenched samples and the Fe-rich solid
solution is not detected. For particles quenched at 670 and 950�C, a
bilayer of Fe2Al5 and FeAl3 exists at the core/shell interface. The
preceding multilayer structure is first detected in samples quenched
at 1180�C (see Fig. 5c); the layers are thicker in samples in which
heating was stopped at 1250 and 1350�C. The same trends
concerning the detected Fe–Al compounds were also observed
during quenching experiments in Ar atmosphere.

B. Discussion of the Ignition Mechanism for Fe-Coated Al Particles

Comparison of Figs. 2 and 5 indicates that the Fe-rich solid
solution (marked as �Fe) is detected only after particle ignition. On

the other hand, pure Fe is not observed in the postignition products,
whereas it remains at the surface of all quenched samples. Thus, it
appears that ignition is characterized by the conversion of Fe to a Fe–
Al solid solution. This conversion implies that Fe and Al are well
mixed, which promotes the reaction, leading to ignition.

The preceding SEM/EDX results show that a bilayer of solid
FeAl3 and Fe2Al5 forms along the core/shell interface of particles
quenched at 670 and 950�C (see Figs. 5a and 5b). Because FeAl3
structures are detected in the core region, it is speculated that the
FeAl3 present in the bilayer is a result of the precipitation of FeAl3
from solution during particle cooling. At these temperatures, the
phase diagram (see Fig. 4) suggests that a single layer of FeAl3
should be present at the interface. The results, however, indicate that
Fe2Al5 preferentially forms at the interface during particle heating.

In a similar manner, FeAl is detected in particles quenched at
1180�C (see Fig. 5c), despite the phase diagram indicating that the
highest-Fe-content phase should be the " phase. This may be
explained by the transient nature of the heating process and the
heterogeneous structure of the original particles (insufficient cooling
rate may also be a reason). Thus, in this sense, the Fe–Al system
differs from the Ni–Al system, in which the ignition mechanism
closely followed the (equilibrium) phase diagram [6].

Further, when Fe-coated particles are quenched above the melting
point of Fe2Al5 (at 1169

�C), several layers of Fe–Al compounds are
detected (see Figs. 5c–5e). This layered structure consists of (in order
from the shell interface inward) FeAl, " phase, FeAl2, and Fe2Al5. In
samples quenched at 1350�C (i.e., just before ignition), the majority
of the volume consists of the layered structure.

Although 1350�C exceeds the melting points of the layer
compounds, mixing does not occur as in the case of Ni-coated Al
particles [6]. There is some mild blending of the layers where they
meet, but no evidence ofmixing exists other than theFeAl3 structures
shown in Figs. 2 and 5. For Ni-coated Al particles, complex islands
formed, consisting of Ni2Al3 surrounded by NiAl3 in an Al-rich
phase, which were the result of Ni2Al3 first precipitating from the
melt, followed by NiAl3 during particle cooling. Because the
diffusion rates of Fe and Ni in liquid Al are comparable and
convection effects at normal gravity are significant (see the
Appendix), the observed difference in phase mixing for particles
coated by Fe and Ni is likely due to the significantly different heat
effects for the two reaction systems (see Sec. I).

The ignition mechanism for Fe-coated Al particles that has been
postulated from the preceding results is as follows:

1) At 660�C, Al melts, allowing the formation of solid Fe2Al5 at
the interface and Fe dissolution in the core.

2) At 1169�C, Fe2Al5 melts, followed by formation of solid FeAl
at the interface.

3) At 1350–1500�C, ignition occurs and is related to the
conversion of Fe coating into a Fe–Al solid solution.

Fig. 2 SEM images of an Fe-coated Al particle ignited in CO2

atmosphere at normal gravity, displayed with the EDX results.

Fig. 3 Magnified SEM image of the separated "-phase/FeAl2
boundary.

Fig. 4 Aluminum—iron phase diagram [16]; dashed lines represent

boundaries that are not well determined.
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The steps of the ignition mechanism are highlighted in Fig. 6, in
which the temperature gradient is shown, along with the temperature
curve for an Fe-coatedAl particle ignited inCO2. The plot shows that
an exothermic reaction causes the measured temperature to rise even
during melting of Al near the particle center (step 1). The
intermetallic reaction contributes noticeably to particle heating upon
completion of Al melting (the heating rate is higher after Al
melting than before). At �1170�C, the slope of the gradient curve
increases, indicating transition to step 2 in the ignition mechanism.
Finally, a distinct increase in the heating rate is observed at�1400�C
(step 3).

An important difference exists between the temperature gradient
curves of Fe- and Ni-coated [6] particles. For Ni coatings,
intermetallic reactions do not appreciably influence the heating rate
until the melting of NiAl3 at 854

�C, and as a result, this temperature
was determined to be critical for particle ignition. For Fe-coated Al
particles, as previously described, reactions contribute significantly
to the heating rate upon Al melting at 660�C. The lower temperature
required for thermal contributions from intermetallic reactions,
compared with Ni-coated particles, may explain the more favorable
influence of Fe coatings on agglomeration during propellant
combustion, as observed in [1].

IV. Ignition of Ni- and Fe-Coated Al Particles
in Microgravity

A. Experimental Results on Ignition of Ni-Coated Al Particles

Figure 7 illustrates that the temperature-vs-time curves from
experiments in microgravity are nearly identical to those from
normal-gravity studies. As shown in Table 1, the ignition
temperatures in micro and normal gravity are statistically
inseparable. Note that fewer microgravity experiments were
conducted inCO2 than in Ar, thus increasing the statistical variation.
Neglecting the large scatter in this particular case (CO2 and
microgravity) and accounting for potential errors of the temperature
measurement technique (see Sec. III.A), we can conclude that the
ignition temperatures ofNi-coatedAl particles are in the range 1250–
1400�C under both normal-gravity and microgravity (10�3–10�2 g)
conditions.

Fig. 5 SEM images (presented with EDX results) of Fe-coated Al

particles quenchedduringheating inCO2 atmosphere at normal gravity:

a) 670�C, b) 950�C, c) 1180�C, d) 1250�C, and e) 1350�C.

Fig. 6 Typical temperature-vs-time and temperature gradient-vs-time

curves for an Fe-coated particle ignited in CO2 at normal gravity.

Fig. 7 Typical temperature-vs-time curves for 58-wt% Ni-coated Al

particles ignited in CO2 atmosphere during micro- and normal-gravity

experiments.
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Figures 8 and 9 represent SEM images of whole sample and core-
shell interface regions, respectively, for 29-wt% Ni particles heated
in Ar. The EDX analysis (Fig. 9) shows that

1) At 660�C, only Ni3Al exists at the core/shell interface (as
formed by solid-state diffusion before Al melting).

2) At 750�C, an NiAl3 layer is present at the core/shell interface,
with finely dispersed NiAl3 in the core region.

3) At 950�C, an Ni2Al3 layer is detected at the interface, with
larger NiAl3 formations in the core region.

4) At 1150�C, composite Ni2Al3=NiAl3 structures are present in
the core region.

5) At postignition, phases are well mixed, consisting of finely
dispersed Ni2Al3=NiAl3 structures in an Al-rich phase.

The phase diagram (Fig. 10) is helpful to understand the preceding
sequence of events. In particular, themelting points ofAl,NiAl3, and
Ni2Al3 are 660, 854, and 1133�C, respectively. It should be noted
that the satellite regions in Figs. 8b and 8c represent Al beads that
formed owing to thermal stresses cracking the Ni shell [6]. The
brightest regions in Fig. 8e are the thermocouple wires embedded in
the particle after ignition. For 58-wt% Ni, features for all quenched
samples were similar to the 29-wt%Ni samples, whereas, in contrast,
the ignited samples were predominantlyNi2Al3. It is remarkable that
the SEM/EDX results were qualitatively the same for micro- and
normal-gravity environments.

An interesting result from normal-gravity experiments, not
reported previously in [6], is that particle self-ignition after laser
heating is stopped at temperatures as low as 1150�C. The same
phenomenon, however, does not occur during experiments in
microgravity (Fig. 11).

B. Experimental Results on Ignition of Fe-Coated Al Particles

Figure 12 demonstrates typical temperature-vs-time curves from
micro- and normal-gravity experiments in CO2 atmosphere.
Analysis of such curves shows (see Table 2) that ignition temperature
is independent of atmosphere (Ar or CO2) and lower in the
microgravity environment. In light of potential temperature
measurement errors, we can conclude that the ignition temperatures
of Fe-coated Al particles under microgravity (10�3–10�2 g)
conditions are in the range of 1250–1400�C (i.e., the same as for Ni-
coated Al particles).

SEM images of particles heated in CO2 are presented in Figs. 13
and 14, in which whole sample and magnified core/shell interface
images are shown, respectively. The EDX analysis (Fig. 14) shows
that

1) At 660�C, Fe2Al5 is present at the core/shell interface.
2) At 750�C, fineweblike FeAl3 structures form in the core region.
3) At 1180�C, thin layers of FeAl, " phase, and FeAl2 are detected

at the interface; larger structures of FeAl3 dispersed in an Al-rich
phase are also present.

4) At 1320�C, layers are thicker, and Fe2O3 is present on the shell
surface.

5) Postignition, a multilayered structure is present, where,
following the Fe–Al phase diagram (Fig. 4), �Fe indicates Fe-rich
solid solution.

As shown in Fig. 13, Fe is only detected before ignition, whereas
the Fe-rich solid solution is present only after ignition. Note that
nearly all the compounds/phases in the Fe–Al phase diagram (Fig. 4)
were detected in the postignition products. Features of the phase
diagram of particular interest are the melting points of Al, Fe2Al5,
and FeAl at 660, 1169, and 1310�C, respectively. The SEM/EDX
results are qualitatively the same as in normal-gravity experiments.

C. Discussion of Microgravity Effects on Ignition Mechanisms
of Ni- and Fe-Coated Al Particles

Figure 8 clearly illustrates the transport of Ni from the shell to the
center of the Ni-coated Al particle as temperature increases in
microgravity. As previously noted, the EDX results were essentially
the same as those obtained from experiments in normal gravity [6].
This similarity indicates that the buoyancy variation does not

Table 1 Ignition temperatures for Ni-coated Al particles in micro and

normal gravity, with 95% confidence intervals

Microgravity Normal gravity

58-wt% Ni 29-wt% Ni 58-wt% Ni 29-wt% Ni

Ar 1332� 21�C 1309� 38�C 1340� 37�C 1313� 41�C
CO2 1356� 72�C 1327� 196�C 1323� 20�C 1327� 18�C

Fig. 8 Whole sample SEM images of 29-wt% Ni particles heated in Ar

atmosphere during microgravity, quenched at a) 660�C, b) 750�C,

c) 950�C, d) 1150�C, and e) ignited.
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significantly influence ignition, provided the particle is undergoing
constant external heating (the self-heating results will be discussed
later).

For Fe-coated Al particles, the SEM images (Figs. 13 and 14) also
do not display qualitative differences from those obtained during
normal-gravity experiments (Figs. 2, 3, and 5). A delay, however,
was detected in the extent of formation of the Fe–Al compound

layers, as highlighted in Fig. 15, in which SEM images of particles
quenched at 1250�C in micro and normal gravity are presented.
These observations indicate that, in contrast to the Ni–Al system,
mixing in the liquid core is influenced by the buoyancy difference.

For Ni-coated Al particles, no detectable difference was observed
in the ignition temperatures and temperature-vs-time profiles

Fig. 10 Nickel—aluminum phase diagram [16].

Fig. 11 Temperature-vs-time curves for 29-wt%Ni-coatedAl particles

heated in Ar during micro- and normal-gravity experiments; the laser

was turned off before reaching ignition temperature.

Fig. 9 Magnified SEM images of 29-wt% Ni particles heated in Ar
atmosphere during microgravity, quenched at a) 660�C, b) 750�C,

c) 950�C, d) 1150�C, and e) ignited. The ignited particle image shows

phases in the particle center.
Fig. 12 Typical temperature-vs-time curves for 56-wt% Fe particles
ignited in CO2 atmosphere during micro and normal gravity.
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obtained in microgravity, compared with normal-gravity results (see
Fig. 6 and Table 1). This suggests that despite the lesser influence of
buoyancy, the reactions at the interface proceed in the same manner
as in normal gravity.

For Fe-coated Al particles, however, microgravity experiments
indicated that ignition temperatures were lower than those obtained
in normal gravity (see Table 2). This effect may be explained as
follows.As shown in Sec. III, the last stage in the ignitionmechanism
of Fe-coated Al particles is associated with conversion of Fe to a Fe-
rich solid solution. According to the phase diagram (Fig. 4), the
formation of this solid solution from the melt is possible at
temperatures higher than 1310�C. It appears from the measured
ignition temperatures (see Table 2) that, in microgravity, sufficient
melt concentrations of Fe exist near the particle-shell interface at
�1310�C to initiate the formation of Fe–Al solid solution, thus
causing ignition. In normal gravity, the stronger buoyancy effects
may decrease Fe melt concentration over a large fraction of the shell
interface, thus elevating the ignition temperature. It appears that the
concomitant increase of Fe concentration at the bottom part of the
particle is unable to compensate for this effect.

Figure 11 shows that for Ni-coated Al particles, self-heating
initiates ignition under normal-gravity conditions, but not in
microgravity, even though the laser was turned off at higher
temperature. This indicates that higher buoyancy effects are required
for the particle self-ignition phenomenon.

Figure 11 also shows a reduced ignition temperature (1190�C),
compared with the observations during constant-heating experi-
ments. The SEM/EDX analyses of quenched samples reveal that the
formation of NiAl locally erodes the Ni shell, and this phenomenon
was more pronounced in normal gravity (Fig. 16). Apparently,
buoyancy mixing provides the Al needed for the NiAl formation to
propagate through the shell. As the NiAl penetrates deeper into the
shell, the reaction surface area becomes larger, which increases the
reaction rate. This is in agreement with the observed acceleration in
particle heating rate just before ignition occurs. Because ignition of
Ni-coated Al particles is affected by the balance between reaction
heat release and heat loss [6], the described increase in reaction rate
lowers the ignition temperature. Note that self-ignition was not
observed for the Fe–Al system, in agreementwith the lower adiabatic
combustion temperature for this system (see Sec. III.A).

Because 1–100 �m Al particles are typically used in propulsion
applications, the applicability of the results obtained for �2:5-mm
particles in this study is an important question. The described
microgravity experiments were conducted at 10�3–10�2 g.
According to the Grashof criterion (see the Appendix), the same
decrease of convection would occur for 250–550-�m-diam particles
in normal gravity. It should be noted that experiments with 2.5-mm
particles at 10�6 g would simulate convection in 25-�m particles at
1 g. Unfortunately, themicrogravity level 10�6 g and relatively long
experimental time required (greater than 10 s) can be achieved only
in space flight.

Although microgravity decreases buoyancy effects, some other
problems in extrapolation of the obtained results to smaller particle
sizes still remain. As shown in the SEM images, some layer
thicknesses and grain sizes are comparable with the practical particle
size range. Similarly, the heating rates in the conducted experiments
were significantly lower than those in applications; the effects of
heating rate on the combustion of Ni–Al system have been
demonstrated experimentally [3,9] and theoretically [17]. Thus, a
direct application of the obtained results to smaller particles is
difficult. Note, however, that for Ni-coated Al particles, a significant
(by several hundred Kelvin) decrease in the ignition temperature,
comparedwith conventional oxide-coatedAl particles, was observed

Table 2 Ignition temperatures for 56-wt% Fe-coated Al particles in

micro and normal gravity, with 95% confidence intervals

Microgravity Normal gravity

Ar 1304� 33�C 1442� 9�C
CO2 1317� 30�C 1412� 12�C

Fig. 13 Whole sample SEM images of 56-wt% Fe particles heated in

CO2 atmosphere during microgravity, quenched at a) 660�C, b) 750�C,

c) 1180�C, d) 1320�C, and e) ignited.
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in studies with both smaller [4] and larger [6] particles. Thus, it is
expected that a similar decrease in the ignition temperature will be
observed for smaller Fe-coated Al particles.

V. Conclusions

The ignitionmechanism for 2.5-mmFe-coatedAl particles, heated
by an infrared laser in Ar and CO2 environments, includes the

formation of Fe2Al5 at the shell/core interface at 660
�C, followed by

the appearance of FeAl at 1169�C. Ignition is related to the
conversion of the Fe coating to a Fe–Al solid solution, and in normal
gravity, it occurs at 1350–1500�C for both Ar andCO2 atmospheres.
The postignition products for Fe-coated particles are not well mixed
and contain layers of different Fe–Al compounds.

The ignition temperatures of 2.5-mmNi-coated Al particles under
constant laser heating are similar in micro and normal gravity, 1250–
1400�C, and are also independent of the ambient atmosphere (Ar or
CO2). The buoyancy difference is not negligible, however, as shown
by the influence of gravity on particle self-ignition. The ignition
temperatures of Fe-coated Al particles in microgravity are in the

Fig. 15 SEM images of 56-wt% Fe particles quenched at 1250�C in Ar
atmosphere during a) micro and b) normal gravity.

Fig. 14 Magnified SEM images of 56-wt% Fe particles heated in CO2

atmosphere during microgravity, quenched at a) 660�C, b) 750�C,
c) 1180�C, d) 1320�C, and e) ignited (away from edge region).

Fig. 16 Penetration by NiAl into the shell for particles quenched at

1200�C during a) micro and b) normal gravity.
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same range as for Ni-coated Al particles. The significantly lower
ignition temperature, compared with conventional oxide-coated Al
(�2050�C), suggests that both Fe-coated and Ni-coated Al particles
are promising candidates for propulsion applications.

Appendix: Estimates of Intraparticle
Diffusion and Convection

The diffusivity of Ni in liquid Al can be determined by the
following formula:

D�D0 � exp
�
� Ea
RT

�
(A1)

where D0 and Ea, obtained at temperatures of 900–1100�C, are
4:8 � 10�6 m2=s and 74:9� 12:1 kJ=mol, respectively [18].
According to [18], these parameters remain valid over the
temperature range between the melting points of Al (660�C) and the
product (1638�C for NiAl). Thus, for example, at 1600�C, the Ni–Al
diffusivity is 3:9 � 10�8 m2=s. The characteristic time of diffusion is
estimated by the following relation:

td �
L2

D
(A2)

where L is the characteristic length. Assuming that L is the radius of
the Al core (1.19 mm), td � 36 s. Because this period is longer than
the experimental heating times (4–8 s from Al melting to particle
ignition) [6], the observed good mixing cannot be explained by
diffusion.

The diffusivity of Al in liquid Fe (melting point of 1538�C) at
temperatures of 1550–1650�C is given by Equation (A1), whereD0

andEa are �1:0� 0:11	 � 10�6 m2=s and 81:5 kJ=mol, respectively
[19]. At the same temperature (1600�C) as in the preceding estimate,
the diffusivity of Al in Fe is 0:53 � 10�8 m2=s. The used parameters
[19], however, were obtained for 1.4-mass% Al; it was reported that
with increasing Al mass fraction, the diffusivity increases several
fold. Thus, it may be concluded that the diffusivity and hence the
characteristic time of diffusion in Fe-coated Al particles are of the
same order of magnitude as for Ni-coated Al particles.

The Grashof number for convection (buoyancy), resulting from
variation in fluid density, can be estimated by

Gr� ��1 � �2	 � g � L
3

� � �2 (A3)

where �1 and �2 are the densities of liquid phases (�1 > �2), � is the
average density, � is the average kinematic viscosity, and g is the
gravitational acceleration. For Ni-coated Al particles, using density
and viscosity data from [11], �1 � 7686 kg=m3 (liquid Ni), �2 �
2043 kg=m3 (liquid Al), �� 4865 kg=m3, �� 3:580 � 10�7 m2=s,
g� 9:807 m=s2, and Eq. (A3) yields Gr� 1:50 � 105. This high
value for Gr indicates that well-developed convection may occur,
resulting in faster phase mixing than diffusion. For Fe-coated Al
particles, Gr estimate by Eq. (A3) leads to the same conclusion.
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