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The objective of this study was to investigate Al particle reactivity as a function of the Al2O3 shell phase. Alumi-
num particles were thermally treated to transition the shell from amorphous to crystalline and each powderwas
combinedwith polytetrafluoroethylene (PTFE). Flame speeds weremeasured for Al+ PTFE powdermixtures for
two Al particle sizes that differ frommicrometer (μAl) to nanometer (nAl) diameter and for both crystalline and
amorphous Al2O3 shells encapsulating Al core particles. Results showed that μAl particles were more sensitive to
shell phase than nAl particles. Reactionsweremodeled according to themelt dispersionmechanism (MDM), and
altering the shell phase reduced the thickness, damaged the shell structure, impeded melt dispersion, and re-
duced flame speed for μAl particles by 45% and nAl particles by 12%.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum (Al) powder is a commonly used fuel in pyrotechnic, ex-
plosive, and propellant formulations due to its high (85 GJ/m3) stored
chemical energy. When Al particles are less than 25 μm diameter, the
method of powder synthesis is often based onhigh temperature heating
and evaporation of bulk Al [1,2]. As bulk Al is vaporized, it nucleates and
condenses into an aerosol of molten droplets. The aerosolized droplets
are cooled in an inert gas environment until solidified. At temperatures
approaching ambient, a controlled oxygen concentration is introduced
into the inert gas environment to form an amorphous oxide shell on
the surface of the Al particles. The amorphous aluminum oxide
(Al2O3) shell is thermodynamically stable with an amorphous to crys-
talline transition temperature of 440 °C [3–6]. The amorphous Al2O3

shell passivates the pyrophoric core and is roughly 4 nm thick regard-
less of particle size. Therefore, nano-aluminum (nAl) particles have a
smaller percentage of active Al and more Al2O3 per weight and volume
compared to micron-aluminum (μAl) particles.

The μAl combustionmechanismhas been described in terms ofmass
diffusion through the Al2O3 shell, such that Al particle size influences
overall reactivity. Because nAl particles have a higher surface area to
volume ratio, in thermites there is more interface contact between
fuel and oxidizer that reduces mass diffusion distances and promotes
diffusion reactions compared with μAl particles. Osborne et al. [ 7]
ya).
examined nAl and polytetrafluoroethylene (PTFE) nanoparticle reac-
tions using Differential Scanning Calorimetry (DSC). They showed an
exothermic pre-ignition reaction (PIR) for nAl + PTFE that was not de-
tectable for μAl+ PTFE [7]. The increased exothermic energy associated
with the PIR was attributed to higher interface contact between the
Al2O3 shell surrounding nAl particles and PTFE [8]. The PIR energy was
from a reaction between fluorinated fragments from decomposing
PTFE and the Al2O3 surface, and was measured at heating rates on the
order of 1 K/s. Energy from the PIR promoted higher exothermic energy
in the main Al reaction but also facilitated decomposition of
the fluoropolymer [9,10]. On average, nAl particles release three
times more energy than μAl particles owing to the particle size
difference.

Under equilibrium conditions (i.e., heating rates on the order of 1 K/s
or less), the reactionmechanism for Al particles is based on shell growth
as core aluminumoxidizes [11]. The growth of the Al2O3 shell surround-
ing the core Al has been described in four distinct stages by Trunov et al.
[ 11] and illustrated in Fig. 1. In Stage I the amorphous shell increases in
size but does not exceed a thickness of 4 nm. Stage II begins at about
440 °C in a pure oxygen environment where the amorphous shell tran-
sitions to crystalline ɣ-Al2O3. The ɣ-Al2O3 shell has a lower density
(3.14 g/cm3) than the amorphous shell (3.65 g/cm3) and contracts
around the core particle. Once shell transition occurs, ɣ-Al2O3 covers
the Al core with a jagged morphology containing a surface structure
represented by valleys and peaks. Stage III corresponds to growth of ɣ-
Al2O3 fromAl core reactions with the surroundings and the shell transi-
tions through the intermediate steps γ ➔ δ➔ θ to α-Al2O3 (transition
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Fig. 1. Stage I-IV of shell growth onAl particles: Stage I the shell is amorphous Al2O3, Stage II the shell transitions to ɣ-Al2O3 and has rough surface structure, Stage III the ɣ- Al2O3 shell grows
and fills in gaps, and Stage IV the ɣ- Al2O3 shell transitions into α -Al2O3 and continues to grow.
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temperature ~ 1025 °C). In Stage IV the shell is entirely α -Al2O3 at
roughly 1050 °C and continues to grow up to 30 nm [11,12].

Under non-equilibrium conditions, nAl reactions proceed at a higher
heating rate, on the order of 106 K/s, and via a differentmechanism. One
mechanism proposed by Levitas et al. [13,14] describes the heightened
reactivity of nAl particles based on the mechanics of the core-shell par-
ticle structure and is applicable at high heating rates (i.e., >106 K/s). The
model is diffusion-based but not reliant on shell growth or diffusion
through the shell. When the Al core melts there a 6% increase in molten
core volume and as core volume expands, the Al2O3 shell is under tre-
mendous hoop stress that eventually leads to shell failure and spall-
ation. With the shell removed from the core, an unbalanced pressure
causes propagation of the tensile pressure wave to the particle center
and liquid cavitation of the core and dispersion of aerosolized molten
Al droplets. The small droplets react faster without the shell barrier to
hinder diffusion. The model is called the melt dispersion mechanism
(MDM) because the core melts, disperses molten droplets, and reac-
tions ensue without the constraints of the Al2O3 barrier. Therefore, if
MDM is activated, the PIR may not occur at relevant time scales such
that molten Al oxidation reactions may not be influenced by Al2O3 exo-
thermic reactions.

The MDM is a mechanochemistry based model that determines re-
activity as a function of the ratio of the Al particle core radius (R) to
Al2O3 shell thickness (δ), such that the ratio M is R/δ. Levitas et al.
[13–15] showed that MDM is optimized ifM< 19, because the core be-
comes fully molten prior to shell spallation such that dispersion of a
molten spray of droplets can be optimized. For Al particle mixtures, a
heating rate greater than 106 K/s corresponds to a flame speed of ap-
proximately 10 m/s or larger. Also, for heating rates in excess of 106 K/
s, MDM was found consistent with experiments for μAl particles less
than 5 μm diameter [14–16].

The goal of the current work is to optimize Al particle reactivity in
terms of increased reaction propagation. The objective is to examine
the effect of shell phase on Al particle reactivity with PTFE. The hypoth-
esis is that if MDM is activated, the PIR observed at heating rates of 1 K/s
may not contribute energy that would increase flame speeds for reac-
tions that occur at 106 K/s. A second objective is to extend this reactivity
analysis to two different Al particle sizes in order to examine differences
in reaction mechanisms that may also influence reaction propagation.
The objectives are accomplished through flame speed measurements
for both μAl and nAl powder combined with PTFE. The experiments
are designed to establish limitations of the energetic contribution of
the PIR and the role reaction mechanism plays in advancing energy
propagation.

2. Experimental section

2.1. Materials: preparation and characterization

Two different Al powders were used that differ by their average par-
ticle diameter. The 80 nm average diameter Al particles (nAl) were sup-
plied by NovaCentrix (Austin, TX) with an active Al concentration of
71 wt% and 29 wt% Al2O3. The 1.5 μm average diameter aluminum par-
ticles (μAl) were supplied by Alpha Aesar (Tewksbury, MA) with a pu-
rity of 98%. Both suppliers characterized particle size and/or shell
thickness using a transmission electron microscope (TEM), dynamic
light scattering (DLS) and single-particle optical sensing (SPOS) instru-
ments. The average initial shell thickness for both powders is 4 nm.

Spherical particles with 10 μm average diameter
polytetrafluoroethylene (PTFE), Zonyl MP 1400, was supplied by
DuPont® (Wilmington, DE) with a purity of 99%, a bulk density of
425 g/L, and a melting temperature of 325 °C17. Powder PTFE was se-
lected for this study because previous thermal analysis showed a PIR
and main reaction with Al particles [7,17]. Different chain lengths of
PTFE can exhibit variable PIR and main reaction behavior with Al parti-
cles in thermal analysis studies. For example, Mulamba et al. [17] stud-
ied the same PTFE powder used here (MP 1400) combinedwith nAl and
found that the PIR and main reaction energy were highest for this
fluoropolymer compared with three other PTFE fluoropolymers from
DuPont®. The MP 1400 PTFE fluoropolymer had the longest chain
length possessing increased fluorine concentration that contributed to
improved reactivity for the nAl + PTFE reactions [17].

Transitioning the Al2O3 shell was accomplished by heating the pow-
der at a rate of 20 °C/min in a Vulcan® Burnout (Ney®) Model 3–130
oven to 450 °C and holding for 15 min in an air environment. The parti-
cles were then slow cooled to ambient conditions over a 24-h duration.
Work by Gesner et al. [18] established this heating protocol specifically
to transition the shell phase without shell growth resulting in Stage II of
the aluminum shell growth process (Fig. 1) [11]. Shell crystallization toɣ-Al2O3 was confirmed through X-ray diffraction (XRD) analysis shown
in Fig. 2A and B. A fully automated Rigaku Ultima III Powder XRD with
incorporated cross beam optics (CBO) was used to analyze the powder
samples for shell crystalline phase. The PXRD system was setup in par-
allel beam geometry and the data was collected in 2theta/thetamode to
show that ɣ-Al2O3 is detected for both the nAl and μAl. The peaks for nAl
are more easily detected for ɣ-Al2O3 because there is a higher percent-
age of Al2O3 per gram of powder as compared to μAl.

Aluminum particles with crystalline or amorphous shells were com-
bined with PTFE at a mixture ratio of 55 wt% PTFE and 45 wt% of active
Al content and maintained constant for all samples studied. This mix-
ture ratio corresponds to an equivalence ratio (ER) of 1.7 (i.e fuel
rich). The balanced stoichiometric reaction is the same as used in previ-
ous work [17] and does not include the contribution of the PIR but as-
sumes complete combustion of the Al and is shown in Eq. (1).

4Alþ 3 C2F4ð Þ➔4AlF3 þ 6Cgraphite ð1Þ

The powders were suspended in a polar carrier fluid, isopropanol.
The solid to liquid ratio was maintained at 1000 mg:80 mL and
contained in a 120 mL vial. The slurry was sonicated using a Misonix
Sonicator 3000 (Farmingdale, NY) to break up agglomerates and allow
homogeneous mixing. The sonicator was programmed for 10 s on/off
cycle to prevent heating, and this cyclic program was applied for a
total of 4 min. The mixture was then poured into a Pyrex™ dish and



Fig. 2. Aluminum X-Ray diffraction results showing ɣ-Al2O3 for A) nAl and B) μAl.
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dried in a chamber under ambient conditions for 48 h to evaporate
isopropanol. The powder mixture was reclaimed with a grounded
razor and sieved through 325 wire mesh for homogeneity in further
experimentation.

Scanning electron microscopy (SEM) images of μAl + PTFE powder
mixtures were captured with ZEISS GeminiSEM 450 with Gemini 2 op-
tics. These images were used to analyze morphological differences be-
tween samples with different shell phases for μAl. Transmission
electron microscopy (TEM) images of nAl particles were captured
with a Hitachi H-9500 transition electron microscope. These images
were analyzed to identify variations in shell structure associated with
phase transition for nAl particles.

2.2. Reactivity characterization

About 350 mg of nAl + PTFE or 450 mg of μAl + PTFE powder were
loaded into a quartz tube for flame speed measurements. The quartz
tubes were durable and maintained structural integrity until the reac-
tion front reached the end of the tube, allowing visualization of the re-
action. The inner diameter of each tube was 3 mm and 10 cm in
length. Data collection begins after the first 3 cm to account for entry ef-
fects that can cause unsteady propagation. The Al + PTFE powder was
loaded into the flame tube by first measuring the amount of powder
needed for the specified bulk density. The powder was separated into
small batches and each batch was then loaded through a funnel con-
nected to the quartz tube and compacted by tapping to facilitate settling
of powder into the tube. This method was shown to avoid density gra-
dients [19] that can produce high standard deviations between flame
speed measurements.

The bulk densitywasmeasured in terms of percent TheoreticalMax-
imumDensity (%TMD). The TMDwas calculated using Eq. (2) and %TMD
in Eq. (3).

TMD ¼ 1

∑
i

Mass% ið Þ∗ 1
Density ið Þ

� � ð2Þ

%TMD ¼ ρmixture=TMDð Þ∗100 ð3Þ

Eq. (2) sums the ith products of mass percent and specific volume of
each reactant in the mixture. The summation of this product is neces-
sary because the percentages of material are based on the mass of
each component in the system. Density is a volume-based measure,
but the percentages of material are mass-based. It is thus necessary to
use specific volume (amass-based unit) in lieu of density in the product
summation. The result of the summation is therefore a mass-weighted
average of specific volumes (a mass-based unit). This result is then
inverted to return density, which is a theoretical maximum for themix-
ture because it assumes novoid spacing and only solid components con-
sume the volume. This assumption is valid because the densities used in
the calculation are bulk densities for each reactant. The density of the
mixture (ρmixture) is determined from the mass of mixture divided by
volume occupied, then divided by the TMD to provide the %TMD as in
Eq. (3) and an indication of the bulk density of the mixture. The densi-
ties used in these calculations for amorphous Al2O3 and ɣ-Al2O3 are
3.14 g/cm3 and 3.65 g/cm3, respectively and the density used for the
PTFE was 2.2 g/cm3. Also, the calculation assumes 80 nm Al particles
had 71 wt% active Al content and 1.5 μm Al particles had 98 wt% active
Al content.

The powder was ignited through resistive heating of an Omega 24
AWG (0.51 mm) 80% Nickel / 20% Chromium (NiCr) hot-wire. The
NiCr wire was inserted about 1.5 cm into the powder loaded tube and
affixed with standard electrical tape. The NiCr hot-wire was attached
to a 12 V DC power source and 30A was applied to the wire, resulting
in resistive heating.

For each test, four tubes were prepared to assess repeatability of the
measurements and determine standard deviation. The bulk density of
μAl + PTFE was between 25 and 26%TMD and nAl + PTFE between 18
and 19%TMD, and both were kept constant to avoid differences in
flame speed as a function of bulk density [20]. The nAl + PTFE has a
lower bulk density because nAl particles have a higher surface energy
(i.e., stronger van der Waal forces) and tend to resist compaction com-
pared with their μAl counterparts [21].

Flame speed was determined by tracking the leading edge of light
emitted during reaction propagation in a setup illustrated in Fig. 3. A
Phantom v2512 high-speed camera recorded 1,100,000 frames per sec-
ond (fps). The resolution of each recordingwas 1024×208 pixels and at
this resolution each pixel was 9.01 μm. A Nikon 105 mm 1:2.8D FX AF
Micro-NIKKOR lens was applied to the camera and a HOYA 52 mm ND
X2 50% neutral density filter was applied to the lens to prevent over-
saturation of pixels during data collection. The camera was aligned per-
pendicular to the direction of flame propagation and through a viewing
window into the testing chamber. The NiCr wire ignition source was
connected to a firing trigger, which would initiate the reaction. Upon
first light, the camera was triggered to record flame propagation. Each
video was analyzed with a frame-by-frame tracking method from the
Phantom camera software. This software allows the user to select the
flame front and track its position as a function of time to determine
flame speed.



Fig. 3. Experimental setup for flame speed measurements. The powder is loaded into a
tube that is positioned in the combustion chamber with a wire ignitor. The progression
of the reaction is captured by a high-speed camera. The camera is positioned
perpendicular to the direction of propagation.
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3. Results

3.1. Material characterization

Fig. 4A and B illustrate shell phase does not appear to alter spherical
particle morphology or cause differences in agglomeration. It is noted
that due to the large difference in size, the PTFE is not pictured. Fig. 5
shows four images, the first corresponding to nAl particles with an
amorphous Al2O3 shell (Fig. 5A). Particles of nAl that were thermally
treated to transition the shell to a crystalline phase are shown in
Fig. 5B and C. The more jagged edges of the shell are consistent with
Stage II (see Fig. 1) but identifying crystallinity could not be achieved
in the TEM analysis. Fig. 5D shows that some particles have a jagged
fuller shell consistent with shell growth and transition to Stage III (see
Fig. 1) but these were seldom seen unlike the particles in Fig. 5B and C.

3.2. Reactivity characterization

Flame speed measurements are shown in Table 1 and Fig. 6. The
flame speeds in Table 1 are the average between four tests of each pow-
der mixture but the scatter between each test is illustrated in Fig. 6 as a
function of bulk densitymeasured in terms of %TMD. Flame speeds are a
function of %TMD such that due to the difference in %TMD between nAl
and μAl, only the Al + PTFE flame speeds with the same Al particle size
can be compared directly. It is noted that the largest standard deviation
is for the μAl particleswith crystalline shell and the larger deviationmay
be associated with variations in shell structure with size distribution for
this powder.
Fig. 4. SEM images of μAl particles. A) μAl with amorphous shell and a magnification of 13.2
difference in morphology is observed at this scale.
A representative sequence of select still frame images are shown in
Fig. 7 to illustrate progression of the flame front, which is similar for
all experiments. Due to the low bulk density of all Al + PTFE mixtures,
the high rate of gas generation during reaction, and limited space for
gas escape in the confined burning environment, convection is a domi-
nantmode of heat transfer during flame propagation.While the leading
edge of the flame front shows greater light intensity, lower light inten-
sity is seen after flame front passage indicating continued deflagrating
reactions occur behind the flame front.
3.3. Thermochemical equilibrium simulations

A thermochemical equilibrium simulation using NASA CEA [22] was
performed to assess the influence of shell properties on combustion
properties including adiabaticflame temperature and reaction pressure.
The simulations were performed for the four Al + PTFE samples using
constant volume conditions. Table 2 shows results for adiabatic flame
temperature and pressure along with the corresponding average den-
sity of the mixture that varies as a function of shell concentration and
phase. The heats of formation for amorphous Al2O3 and ɣ-Al2O3 are
−1620 KJ/mol and −1656 KJ/mol, respectively [23]. The density used
for each simulation was calculated using Eq. (2). Gas phase reaction
products were 20 wt% for nAl reactions and slightly higher at 24% for
μAl reactions. All mixtures included the following product species: AlF,
AlF3, Al(l), Al4C3 (cr) as well as additional species in smaller concentra-
tions (<0.1 mol fraction). The differences in gas phase product species
can account for the difference in pressure between nAl and μAl reactions
(Table 2),while the addedAl2O3 concentration in nAl reactions provides
a heat sink explaining the lower flame temperatures.
4. Discussion

Table 1 indicates that for nAl particles, there is just a 12% reduction in
flame speed with Al2O3 shell phase. However, for μAl particles,
transitioning the shell from amorphous to crystalline reduced the
flame speed by 45%. The bulk densities between the two Al particle
sizes are different enough (i.e., 18.75%TMD compared with 25.5%TMD)
to preclude aflame speed comparison between the two particle sizes di-
rectly. But, the influence of shell phase for each Al size can be examined
separately.

Thermal equilibrium simulations using NASA CEA (Table 2) show
that μAl + PTFE has higher adiabatic flame temperature and pressure
because this mixture has a lower concentration of Al2O3 compared
with nAl + PTFE. The higher pressure and flame temperatures may
aid energy transfer for μAl + PTFE. Despite the differences is thermal
properties of amorphous compared with crystalline alumina, the adia-
batic flame temperature and pressure do not change significantly for
the same particle size (Table 2). Therefore, variations in shell structure
do not affect thermal transport properties such that differences in
4Kx and 5KeV. B) μAl with crystalline shell and a magnification of 3.67KX and 10KV. No



Fig. 5. TEM images of nAl particles. A) nAl with an amorphous shell taken at 300 KeV and a magnification of 700Kx. B) nAl with a crystalline shell taken at 300KeV and a magnification of
1500Kx, in Stage II of the oxidation process. C) nAl with a crystalline shell shown in (B) alongwith the surrounding particles also in Stage II, taken at 300KeV and amagnification of 200Kx.
D) nAl particle with a crystalline shell and shell growth at Stage III of the oxidation process, taken at 300 KeV and 700Kx.
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flame speed for the same particle size are linked with the mechanism
for reaction rather than thermal mode for propagation.

For all cases in Fig. 6, the flame speed exceeds 10 m/s (i.e., and
the heating rate exceeds 106 K/s), such that the MDM may apply
for both Al particle sizes [24]. Previous work showed that the flame
speed for nAl particles is the same for an amorphous and crystalline
alumina shell [16,25] such that the crystalline alumina shell has ap-
proximately the same strength as the amorphous shell. Defects in
alumina at the nanoscale produce smaller stress concentrations
than in the bulk because defects are close to the free surface where
stresses are inherently zero. For this reason, defective and irregular
structure in the crystalline alumina shell does not significantly reduce
the shell strength, but reduce shell thickness. The thickness of a crys-
talline shell is defined as the minimum thickness of the ring which
does not have notches, i.e., δC is 2.4 nm from TEM analysis as in
Fig. 5B. All irregularities in the shell increase thickness, and since
they do not produce essential stress concentrators, the irregularities
are not considered. In Pantoya et al. [20], the Al2O3 shell surrounding
the Al particle was damaged by mechanically pressing powders to
consolidate them to a higher bulk density. Even with the damaged
shells, the flame speed for nAl and μAl particles was consistent
with MDM. Damaged shells heal with time in an air environment
and shell width increases in an air environment, as evidenced by
comparison between Figs. 5B and D.

For Al particles reacting by MDM mechanism, the flame speed, V,
can be expressed by Eq. (4) in terms of maximum flame velocity
Vmax.
Table 1
Flame speeds for Al + PTFE reactions of varied Al particle sizes and shell phases.

Shell Phase Avg. Al Particle
Diameter
(nm)

Bulk
Density
(%TMD)

Flame
Speed
(m/s)

Standard
Deviation
(m/s)

Amorphous 80 18.96 71.78 7.16
Crystalline 80 18.59 64.13 7.51
Amorphous 1500 25.25 67.26 6.13
Crystalline 1500 25.69 46.30 10.90
V ¼ Vmax f ¼ Vmax −Bþ B2−4AC
� �� �

= 2Að Þ for 0<f<1; and V

¼ Vmax for f ¼ 1 ð4Þ

In Eq. (4), the volume fraction of melt within the core prior to shell
spallation is f, and this volume fraction then disperses and participates
in reaction within the flame front [13,15]. The equations for A, B, and C
in Eq. (4) are given by Levitas et al. [13,15] and depend on the ratio
Fig. 6. Flame speed as a function of bulk density in terms of %TMD for nAl + PTFE (red
symbols) and μAl + PTFE (blue symbols). The notation: amAl2O3 indicates an
amorphous shell (open symbols) while γ-Al2O3 is the crystalline shell (closed symbols).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Fig. 7. A representative series of select still frame images showing the flame front for nAl
with an amorphous shell + PTFE. The time stamp is in units of μs from ignition.
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(M) of Al core radius R to oxide shell thickness δ,M= R/δ and properties
of Al and Al2O3. For μAl particles M is large and Eq. (4) simplifies to
Eq. (5).

V=Vmax ¼ f ¼ −1:052þ 0:103 σu þ 0:001127To ð5Þ

In Eq. (5), σu is the strength of the shell in tension and To is the tem-
perature at which the oxide shell is stress free. Here, To = 300 K. Note
that Eq. (5) is independent of M and δ.

For μAl particles, R is 746 nm, δa is 4 nm, and δC is 2.4 nm, such that
Ma = R/δ= 187 andMc = 311, i.e., M is large and Eq. (5) is applicable.
For a shell with the ideal ultimate strength, σu = 11.33 GPa14, Eq. (5)
gives f= 0.453. For μAl particles the flame speed is reduced by a factor
of 1.45 (i.e., 67.26/46.3 from Table 1 and Fig. 6), and f = 0.453/1.45 =
0.31. If the reduction in flame speed is due to reduction in ultimate
strength of the shell only, then with f = 0.31 in Eq. (5), σu = 9.96GPa.
This is a realistic number that unhealed damage within 2.4 nm thick
shell reduces its strength by 12% and therefore we assume the same
σu for nAl.

For nAl particles, the particle core radius (R) is 36 nm, the amor-
phous shell thickness (δa) is 4 nm (Fig. 5a), and theminimum thickness
of the crystalline shell (δc) is 2.4 nm (Fig. 5b). Therefore, for the
Table 2
Summary of NASA CEA simulation results; Am is amorphous shell and ɣ is crystalline shell
on Al particle.

Sample Density (g/cm3) Flame
Temperature (°C)

Reaction
Pressure (MPa)

Am nAl + PTFE 0.477 1972 56.4ɣ nAl + PTFE 0.572 1956 55.2
Am μAl + PTFE 0.644 2292 69.0ɣ μAl + PTFE 0.648 2296 69.4
amorphous shell, Ma = 9, and for the crystalline shell, Mc = 15, both
are smaller than M = 19 such that for ideal shell strength (σu =
11.33 GPa), f=1 and both nAl particles should be completely dispersed
as molten aerosolized droplets above the melting temperature, regard-
less of shell phase. However, for R=36 nm, δc=2.4 nm (i.e.,Mc=15),
and reduced strength σu = 9.96 GPa substituted into Eq. (4) instead,
f = 0.90. The ratio of flame speed according to melt volume fraction is
1.11 (i.e., 1.0/0.9), which is in agreement to the experimental ratio of
71.78/64.13=1.12 (Fig. 6). Thus, for theM and δ ranges for nAl particles
in these experiments, the nAl particles are less sensitive to damage and
shell irregularities than μAl particles.

If reactions were diffusion controlled (or even if reactive sintering
was considered), then the jagged shell morphology apparent in the
crystalline shell structures of Fig. 5 would be far more reactive than
the thicker, pristine shell barrier of the amorphous shelled particles.
But, that is not observed, and the crystalline shell reduce flame speed
for nAl (slightly) and μAl (more pronounced) particles.
5. Conclusions

Flame speeds were measured for mixtures of aluminum (Al) and
polytetrafluoroethylene (PTFE) powders confined in tubes. Two Al par-
ticle diameters were investigated: 80 nm Al (nAl) and 1.5 μm Al (μAl)
and two different shell structures were also investigated: amorphous
and gamma phase Al2O3. Flame speeds of Al+ PTFE varied significantly
for μAl particles based on Al2O3 shell phase, while nAl particles showed
a small variation in flame speed as a function of Al2O3 shell phase. All Al
particle reactions are consistent with the melt dispersion mechanism
(MDM). Crystallization of the shell reduces thickness of the shell from
4 nm to 2.4 nm and the strength of the shell from 11.33 to 9.96 GPa. Ac-
cording toMDM theory, shell crystallization reduces flame speed for μAl
by 45% and nAl by 12%, in good agreement with experiments. The crys-
talline shell reduced the measured flame speed because less of the core
becomes molten prior to shell spallation such that accessibility of the
molten aluminum to oxidizer is the speed limiting criteria. This study
showed that activation of a reaction mechanism had more influence
on the rate of energy propagation than surface exothermic reactions
measured under equilibrium conditions.
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