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ABSTRACT: Density functional theory (DFT) calculations
were performed to examine exothermic surface chemistry
between alumina and four fluorinated, fragmented molecules
representing species from decomposing fluoropolymers: F−, HF,
CH3F, and CF4. The analysis has strong implications for the
reactivity of aluminum (Al) particles passivated by an alumina
shell. It was hypothesized that the alumina surface structure could
be transformed due to hydrogen bonding effects from the
environment that promote surface reactions with fluorinated
species. In this study, the alumina surface was analyzed using
model clusters as isolated systems embedded in a polar
environment (i.e., acetone). The conductor-like screening
model (COSMO) was used to mimic environmental effects on
the alumina surface. Four defect models for specific active −OH sites were investigated including two terminal hydroxyl groups
and two hydroxyl bridge groups. Reactions involving terminal bonds produce more energy than bridge bonds. Also, surface
exothermic reactions between terminal −OH bonds and fluorinated species produce energy in decreasing order with the
following reactant species: CF4 > HF > CH3F. Additionally, experiments were performed on aluminum powders using thermal
equilibrium analysis techniques that complement the calculations. Consistently, the experimental results show a linear
relationship between surface exothermic reactions and the main fluorination reaction for Al powders. These results connect
molecular level reaction kinetics to macroscopic measurements of surface energy and show that optimizing energy available in
surface reactions linearly correlates to maximizing energy in the main reaction.
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■ INTRODUCTION

The science of aluminum fuel particle reactivity with
fluoropolymers has important implications toward new
processing techniques in the additive manufacturing of
energetic materials. Many binders used in energetic composites,
such as Kel-F and Viton,1 as well as poly(vinylidene fluoride)
(PVDF),2 contain fluorine and are processed with aluminum
fuel powder for the purpose of creating tailorable architectures.
The reactivity of aluminum with fluorinated materials is
therefore becoming an important area of research toward
advancing energetic material science from a processing as well
as a combustion perspective.
The aluminum powder used in aluminum/fluorine compo-

sites is composed of Al particles that have a core−shell
structure. The core of the Al particle is crystalline Al, and the
shell is amorphous Al2O3.

3 The Al2O3 shell surrounding the
crystalline Al core acts as an oxygen diffusion barrier, limiting
the oxidation of crystalline Al.4 In traditional Al combustion,

the Al2O3 shell is inert (i.e., does not chemically react to
produce heat) and absorbs heat (i.e., acts as a heat sink).
Recently, the inert oxide shell has been shown to have potential
for contributing to the overall energy generated in Al
combustion by utilizing an exothermic reaction between
fluorine and Al2O3. Osborne et al.5 showed that the alumina
shell on an aluminum particle reacts with fluorinated species
from a decomposing fluoropolymer, producing an exothermic
surface reaction that also facilitates decomposition of the
fluoropolymer. The surface reaction occurs prior to the main
aluminum fluorination reaction and is referred to as a
“preignition reaction” or PIR.5 Pantoya and Dean6 further
showed that the surface area exposure of alumina and the
fluoropolymer is directly related to the amount of energy
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generated in the PIR and showed that the β- to α-AlF3 phase
transition is not only exothermic but also occurs at the same
temperature as the main Al fluorination reaction. Therefore, the
surface chemistry producing an exothermic PIR also contributes
to the main reaction via exothermic AlF3 phase transitions
coinciding with the aluminum fluorination reaction. Therefore,
there are two energy benefits from the surface reaction between
fluorinated species and alumina: (1) the PIR and (2)
exothermic AlF3 phase transition coinciding with energy
generation from the main reaction of the Al core.
The thickness of the Al2O3 shell is independent of particle

size. Therefore, nanoscale Al particles have greater concen-
tration of Al2O3 per volume than micron-scale Al particles. The
reduced surface area to volume ratio in micron-scale particles
has limited detection of PIRs to nanoscale Al particles. More
recently, exothermic reactions between fluorine and the
aluminum oxide shell were exploited for engineering more
reactive aluminum composites using micron-scale aluminum
particles.7,8 McCollum et al. used a liquid fluoro-oligmer,
perfluoropolyether (PFPE) that wetted and coated the surface
of micron-scale aluminum particles.9,10 They showed that the
intimate contact between fluoropolymer and the alumina
surface induced a PIR that also enhanced the reactivity of the
Al−PFPE composite particle with a metal oxide, molybdenium
trioxide (MoO3). Increasing PFPE concentration corresponded
to an increase in PIR and a main exothermic reaction and also
corresponded to a proportional increase in flame speed. In fact,
they also showed that PFPE-coated micron-scale Al particles
produced a PIR, and that was the first time a PIR had been
observed with micron-scale Al particles.
Fluorination reactions with crystalline phases of alumina have

been studied for applications beyond energetic materials and
toward the microelectronics industry for cleaning and etching
aluminum-containing materials. These studies have some
relvance here and will be discussed in brief. King et al.11 and
Shamiryan et al.12 reviewed numerous areas where fluorine
interactions with Al and Al2O3 are relevant because the high
dielectric constant of Al2O3 makes it an appealing alternative to
SiO2 substrates for downsizing the electronic base. Thus, the
wet and dry (plasma) chemistry required to selectively remove
alumina (i.e., etching) has led to the identification of key
chemical interactions that also have importance to energetic
material applications. For example, Dhungana et al.13

specifically investigated etching of Al2O3 using CF4 and
CHF3 chemistries, and their findings show high etch rates for
these chemistries and the feasibility for multipattern optical
lithography processing.
Because our goal is to exploit fluorine-based surface reactions

with alumina toward heightened reactivity, early studies such as
by Zivkovic et al.14 also provide context for the exothermic
nature of fluorination reactions. Zivkovic et al.14 showed that
fluorine interactions with alumina can reduce the onset
temperature for exothermic crystallization of alumina by 200
°C. Their finding was from a thermal equilibrium analysis (i.e.,
differential scanning calorimetry, DSC) that showed AlF3 acts
as a catalyst promoting early onset of exothermic surface
chemistry. Deshumkh et al.15 examined FTIR spectra on the
interaction of CF3CFCl2 with Al2O3 to show surface absorption
of F at nearly room-temperature conditions, indicating a low
activation energy for fluorination reactions with Al2O3. The
stability of AlF3 in the presence of H2O has also been studied to
show that environmental conditions play a strong role in
surface bonding related to exothermic fluorination reactions.

Bailey et al. showed that the formation of hydrogen bonds
between the OH−, HF, and H2O species to nearby F and O
ions occurs readily, but the stable surfaces always maximize
such bonding.16,17 These findings have particular relevance to
energetic materials where the processing environment may be
polar or nonpolar, thereby introducing unique hydrogen
bonding that will influence fluorination of the surface.
All of these studies suggest that there is still room to exploit

the potential to enhance Al reactivity, especially toward
transitioning reactivity enhancements seen in nanoscale Al
powder toward micron-scale Al powder. The goal of this study
is to further understand surface reactions between alumina and
fluorinated species from decomposing fragments of fluoropol-
ymers. Not only will this understanding contribute toward new
strategies to functionalize aluminum particles toward greater
reactivity but also the fundamental kinetics may be applied to
fuel particles with oxide shells that may produce reactions
similar to alumina, such as oxides of magnesium, boron, and
silicon.18−20

As a first step toward this goal, first-principle density
functional theory (DFT) calculations were performed on five
alumina clusters mimicking different surface hydroxyl sites.21 It
was observed that when surrounded by a strongly electro-
negative polar environment the surface alumina structure is
affected by hydrogen bonding forces differently than the same
interface not treated by a polar environment. Specifically, the
overall hydroxyl bond distances increase; the surface charge
increases; and vibrational frequencies decrease. These surface
modifications are linked to greater surface reactivity of
aluminum particles with alumina shells that are processed
using a polar solvent than the same powder processed using a
nonpolar solvent.21,22

As a check on these computational results, thermal
equilibrium and flame speed studies were performed with
aluminum powder treated in polar and nonpolar solvents.22

The results showed three interesting observations: (1) energy
generated during the preignition reaction (PIR) was linearly
proportional to energy generated in the main reaction; (2)
higher energy generated during the PIR and main reaction was
directly proportional to higher flame speeds; and (3) aluminum
particles treated in polar solvents consistently showed greater
PIR and main reaction exotherms as well as a 3-fold increase in
flame speed compared with aluminum particles treated in
nonpolar solvents.22 These results coupled with the model
results from ref 14 suggest irreversible surface modifications
caused by polar environments.
The following study intends to create a bridge between

experiments and molecular modeling calculations. The
objective is to model exothermic surface reactions on an
alumina surface exposed to a single fluorinated species that
replaces a surface hydroxyl group bound to an aluminum atom.
Four different Al coordinations representing hydroxyl reactive
sites are simulated using molecular clusters up to 130 atoms.
For each cluster, two environments are investigated represent-
ing surface treatment in a polar solvent versus an untreated
surface that is exposed to an ambient environment. The
calculations were performed using density functional theory
(DFT) method. The model was developed to examine
elementary reactions that promote exothermic surface energy
and how those reactions are affected by surface treatment and
temperature. An additional objective is to complement these
calculations with an experimental equilibrium study of Al
powder treated in a polar versus nonpolar environment.
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Because the DFT method assumes a crystalline alumina surface
but an amorphous alumina surface comprises Al particles,
experiments were also performed for Al powder with both
crystalline and amorphous alumina surfaces. In this way, the
applicability of the DFT results to experimental observations
could be assessed.
Density Functional Theory Calculations. The alumina

shell of the aluminum particles is assumed to consist of several
surface hydroxyl sites similar to those defined by Peri23 and by
Knözinger and Ratnasamy24 for crystalline alumina phases.
Previously, Padhye et al.21 constructed cluster models for five
different OH sites known for the surfaces of the γ-Al2O3 phase.
In these models (Table 1) two sites represent terminal −OH

groups linked to one Al atom (one in octahedral and one in
tetrahedral coordination, models I and IV); two sites represent
bridged −OH groups (bound to two Al atoms, models II and
V); and one site represents an −OH group connected to three
Al atoms (model III). Dangling Al−O bonds on the edges and
surface oxygen atoms were saturated by hydrogen atoms in a
way to ensure an overall zero charge for the final cluster
structure (total amount of atoms extended to 110−130 atoms).
To preserve structural features of the γ-Al2O3 surface, partial
geometry optimization was peformed in two steps. First, all
hydrogen atoms were relaxed while the oxygen and aluminum
atoms were frozen. Then, oxygen and hydrogen atoms of the
surface OH groups plus aluminum atoms bonded to the

particular −OH site and a few oxygen atoms around were
relaxed; all remaining atoms stayed frozen. Then, properties of
the five OH sites were analyzed (structure, charges, H-bonding,
and OH stretching frequencies).14

Surface fluorination reaction mechanisms are complex, but as
a first step, elementary exchange reactions are considered in
which OH− is replaced with F− as described in eq 1, where X−
F is a fluorine-bearing moiety.

− + − → − + −Al O OH X F Al O F X OH2 3 2 3 (1)

In this reaction the Al−O bond is breaking, and the Al−F bond
is forming. Our models have four different hydroxyl
coordinations: sites I, II, IV, and V. In Table 1, site III has
three Al atoms bound to the hydroxyl group, and the chemical
breaking of the three Al−O bonds is energetically very
demanding. Therefore, this model was excluded from the
calculation of the reaction energies according to eq 1. In the
remaining four clusters the central −OH group was replaced by
F atoms (see Figure 1), and such fluorinated structures were
optimized using the same geometry constraints as in the
optimization of the original clusters described before. The
following fluorinated species were used as model X−F
structures: pure F− ion, HF, CH3F, and CF4. We note that
the exchange reaction with F− is unrealistic but is included to
show a hierarchial set of F− species with corresponding results
confirming this reaction is not realistic. Also, DeLisio et al.
observed that for poly(vinylidenefluoride) (PVDF) reacting
with Al particles oxidation takes place due to the production of
hydrofluoric (HF) gas when PVDF decomposes.8 For this
reason, HF was included in the X−F structures. As mentioned
previously, Dhungana et al.13 identified CH3F and CF4
chemistries as uniquely poised for high etch rates for Al2O3
and thus merits investigation here too. To complete the
reaction scheme (eq 1) the calculations were also carried out to
OH−, H2O, CH3OH, and CF3OH structures as reaction
products, respectively.
The calculations were performed at the same DFT level as

used in ref 21 (Becke−Perdew (B−P) functional25−29 and a
split-valence polarization (SVP) basis set30). Two different
environments for the fluorination reaction (eq 1) were
considered in the computations: nonpolar (representing
ambient) and polar (representing acetone with a relative
dielectric constant, εr = 20.7031). For the latter the conductor-
like screening model (COSMO32) was used. The ambient
condition refers to the alumina surface that has not been
treated with a polar solvent. Moreover, for the gas-phase
condition thermochemistry calculations were performed for a
set of different temperatures ranging from room temperature to
600 K. It is noted that the reactions in the polar environment

Table 1. Notation for Five γ-Al2O3 Surface Hydroxyl
Coordinations That Correspond to Various References
Indicateda

aThe notation taken in this study corresponds with Padhye et al.14

Figure 1. Structures of four cluster models with structure label corresponding to sites shown in Table 1. Reaction sites are in a ball-and-stick mode:
oxygen atoms in red, fluorine atoms in light blue, and aluminum atoms in tan color.
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are hypothetical and representative of the alumina surface
treated in a polar fluid. The Turbomole program suite33 was
used to perform all calculations.

■ EXPERIMENTAL SECTION
The calculations assume the alumina surface is in a γ-Al2O3 crystalline
phase. However, the alumina layer surrounding the aluminum core
particle is amorphous. Therefore, the applicability of the DFT results
toward actual applications with aluminum particles is investigated here
by transforming the amorphous passivation shell into a crystalline
phase. In this study, aluminum particles were supplied by NovaCentrix
(Austin, TX) and are characterized using a tramission electron
microscope (TEM), Brunauer−Emmett−Teller (BET) theory, and
dynamic light scattering to be on average 80 nm in diameter with a 2−
3 nm thick passivation shell.22 Transitioning the alumina phase is
accomplished by heating the powder in a Fisher Scientific Isotemp
model 281A Vacuum Oven, manufactured by Thermo Fisher Scientific
to 450 °C for 15 min under vacuum. The amorphous to crystalline
phase transition for alumina is 440 °C.34 This heating protocol was
found to be the minimum time to (1) transition the shell from
amorphous to crystalline γ-Al2O3 while (2) not growing the thickness
of the shell appreciably and therefore consuming the aluminum core.
In this way, reactivity of aluminum particles with an amorphous
compared with a crystalline shell could be investigated without the
additional influence of the variable shell thickness (and oxidized
aluminum core). Work by Gesner et al. helped establish this heating
protocol.35 Figures S1 A and B show TEM images of an Al particle
before and after the prescribed heat treatment.
Shell crystallization to γ-Al2O3 was confirmed through X-ray

diffraction (Figure S2). A fully automated, high precision Siemens/
Bruker D5005 Theta/2 Theta Bragg−Brentano diffractometer was
used to detect the presence of γ-Al2O3. The equipment uses a 2.2 kW
sealed Cu X-ray source, a high-precision vertical Theta/2 Theta
goniometer, standard sample stage, curved graphite crystal diffracted
beam monochromator, and NaI(TI) scintillation counter detector.
Figure S2 shows the XRD data indicating amorphous to crystalline
phase transition after thermal treatment.
Aluminum particles with crystalline or amorphous alumina shells

were combined with PTFE particles supplied by DuPont (Wilmington,
DE) as Zonyl MP 1400. The PTFE particles are 10 μm average
diameter. The powders were mixed to a 1.5 equivalence ratio such that
each powder mixture prepared was approximately 500 mg and
suspended in either a nonpolar solvent, hexane (supplied by Fisher
Chemical, reagent grade or better with negligible water concentration
measured by Karl Fisher Titration), or a polar solvent, acetone
(supplied by Fisher Chemical, reagent grade or better with 0.8% vol.
water concentration measured by Karl Fisher Titration). The hexane
(nonpolar) or acetone (polar) acts as the carrier fluid aiding
intermixing of the fuel and oxidizer particles. The solid to liquid
ratio is constant and 500 mg:60 mL and contained in a 120 mL vial
that is sonicated using a Misonix Sonicator 3000 (Farmingdale, NY).
Sonication helps break up agglomerates and improve homogeneity and
is programmed on a 10 s on/off cycle to prevent solution heating. The
mixture is poured into a Pyrex dish and the hexane or acetone allowed
to evaporate in the fume hood in ambient conditions for 24 h. Powder
mixtures were reclaimed for further experimentation. It is noted that
without a carrier fluid the fuel and oxidizer particles do not mix well
enough to produce a homogeneous dispersion that will provide
repeatable results. For example, Padhye et al.22 showed that Al + PTFE
dry mixed (i.e., mixed with no carrier fluid) would not produce surface
reactions (i.e., see Figure 3 in ref 22), and the main oxidation reaction
was shifted to a higher onset temperature by 50 °C with significantly
reduced reaction energy (see Figure 4 in ref 22). They also provide
SEM with EDS images that show the degree of dispersion using polar
(acetone or isopropanol) versus nonpolar (hexane) is about equal,
such that mixture homogeneity between the two carrier fluids does not
account for the differences in reactivity observed.22

A Netzsch Jupiter simultaneous thermal analyzer (STA) 449
differential scanning calorimeter (DSC) was used for thermal

equilibrium analysis. About 5−7 mg mixtures were loaded into
alumina crucibles and into an automated sample holder. All
experiments were carried out from 45 to 1000 °C and were triplicated
to evaluate repeatability. All mixtures were analyzed at a heating rate of
5 °C/min under argon/oxygen environment (i.e., 80 vol % Ar/20 vol
% O2).

■ RESULTS
Theoretical Calculations. The results of calculated

reaction energies, ΔEr (eq 1), for four reaction −OH sites
(i.e., sites I, II, V, IV in Table 1) in nonpolar and polar
environments are shown in Figure 2(a)−(d), and the

corresponding data are tabulated in Supporting Information,
Table S1. Figure 1 corresponds to optimized geometries of the
cluster models with the fluorinated Al2O3−F sites. The
nonpolar environment used in the calculations corresponds
to the ambient condition referring to the alumina surface that
has not been treated with a polar solvent, while the polar
environment refers to the alumina surface that has been treated
with a polar solvent. The experimental corollary to the ambient
condition used hexane as the carrier fluid to mix Al + PTFE
powders. The polar condition is simulated experimentally by
using acetone as the carrier fluid to mix Al + PTFE. It is noted
that acetone was measured to have 0.8 vol % water
concentration.
Figure 3 graphically represents the changes in Gibbs free

energy, ΔGr (eq 1), at ambient and elevated temperatures. The
calculations were performed for the nonpolar conditions only.
The corresponding data are tabulated in Table S2 of
Supporting Information. Table S2 also contains calculated
reaction enthalpies, ΔHr.

Experiments. Information from the differential scanning
calorimetry (DSC) and thermal gravimetric (TG) analyses is
presented in Figure 4 for aluminum powder that contained
either an amorphous or crystalline shell and was treated in

Figure 2. Calculated reaction energy (ΔEr, kJ/mol) for (a) hydroxyl
octahedral terminal coordination, AlO−OH (site I); (b) hydroxyl
octahedral bridging coordination, AlO−OH−AlO (site II), (c) hydroxyl
tetrahedral terminal coordination, AlT−OH (site IV), and (d) hydroxyl
bridging OH linked to one Al in octahedral and one Al in tetrahedral
coordination, AlO−OH−AlT (site V).
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either a polar or nonpolar environment. Figures 4(a−d) show
that a PIR exists for Al powder with passivation shells that are
amorphous or crystalline. The onset temperature and
exothermic enthalpy of reaction from the DSC analysis in
Figure 4 are tabulated in Table 2. The crystalline shell
demonstrates a reduced onset for the PIR (i.e, 426−428 °C for
crystalline shell and 432−434 °C for amorphous) as well as an
increased enthalpy of reaction for both fluid treatments (i.e., 56
and 64 mJ/mg for a crystalline shell compared with 36 and 42
mJ/mg for an amorphous shell). In general, Table 2 shows that
surface exothermic reactions on Al powders with crystalline
shells are greater than for the same powder with an amorphous
shell. Also, for either crystalline or amorphous shells, treatment
in a polar fluid reduces the onset temperature and increases the
energy from the surface exothermic reaction compared to
nonpolar fluid processing. The results for the PIR in Table 2
indicate the DFT calculation assumption that the particle
passivation shell is crystalline and does not significantly affect
predictions for surface exothermic reactions in Al particles but
is an upper limit approximation for Al powder with amorphous
passivation shells.
Regarding the main reaction, the Al powder with crystalline

shells consistently produces lower onset temperatures (i.e., by
50 degrees for polar processing fluid and 13 degrees for
nonpolar processing fluid) and greater enthalpies for both polar
and nonpolar fluid treatments (i.e., 1186 and 1340 mJ/mg for
crystalline compared with 608 and 816 mJ/mg for amorphous
shells). These results suggest γ-Al2O3 contains more active sites
than amorphous Al2O3, leading to greater surface reactivity.

■ DISCUSSION
Figure 2 shows that the most energetically favorable reactions
occur at the terminal hydroxyl coordinations (i.e., octahedral,
Site I; and, tetrahedral, Site IV, Al coordination). The largest
energetic gain for both terminal coordinations occurs with CF4
and HF, followed by CH3F. There is a difference in calculated
reaction energy for the polar compared to the nonpolar
condition. For the octahedral hydroxyl coordination (site I),

the nonpolar environment incites a slightly higher reaction
energy (except CF4, Table S1). For the tetrahedral hydroxyl
coordination (site IV), the changes are more significant, and the
polar environment enhances the energetic gain. However, the
magnitude of the reaction energy associated with all reactions at
site I is greater than the corresponding reactions at site IV,
implying site I is the most reactive site.
Figure 3 shows the change in Gibbs free energy for each

reaction according to eq 1 and hydroxyl coordinations shown in
Figure 1. Surface reactions at sites I, II, and IV are exergonic
with exception for the reactions with F− for sites II and IV that
are endergonic, while at site V, all reactions are endergonic.

Figure 3. Calculated reaction Gibbs free energy (ΔGr, kJ/mol)
according to eq 1 species at four different temperatures for (a)
hydroxyl octahedral terminal coordination, AlO−OH (site I); (b)
hydroxyl octahedral bridging coordination, AlO−OH−AlO (site II); (c)
hydroxyl tetrahedral terminal coordination, AlT−OH (site IV), and (d)
hydroxyl bridging OH linked to one Al in octahedral and one Al in
tetrahedral coordination, AlO−OH−AlT (site V).

Figure 4. DSC data for heat flow as a function of temperature for Al
combined with PTFE. (a) Al powder with an amorphous alumina shell
treated in a nonpolar environment. (b) Al powder with an amorphous
alumina shell treated in a polar environment. (c) Al powder with a
crystalline γ-Al2O3 shell treated in a nonpolar environment. (d) Al
powder with a crystalline γ-Al2O3 shell treated in a polar environment.
Heating rate is 5 °C/min under 80 vol % argon/20 vol % oxygen.
Shaded areas correspond to enthalpy shown in Table 2.
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Figure 4 suggests that surface reactions at site I (Figure 3a) are
nearly twice as likely to occur than at site IV (Figure 3c) which
are nearly twice as likely to occur than site II (Figure 3b). The
implication of the computed results is that the majority of
surface reactions is associated with terminal hydroxyl
coordinations with the octahedral terminal coordination
reactions between the surface and CF4, HF, and CH3F in
largest abundance and providing the greatest exothermic energy
(from Figure 3a). The change in Gibbs free energy associated
with the hydroxyl octahedral bridging coordination (site II,
Figure 3b) is lower than for the hydroxyl octahedral and
tetrahedral terminal coordinations (Figure 3a and 3c), and site
II produces only mildly exergonic (or slightly endergonic)
Gibbs free energies for the HF, CH3F, and CF4 reactions
(Figure 3b). The hydroxyl terminal containing one octahedral
and one tetrahedral Al coordination (site V) is endergonic
(Figure 3d) and thus a more unlikely coordination to produce
surface reactions, and Figure 3d confirms that surface reactions
on this coordination are endothermic.
Because surface reactions are presumably responsible for the

measured PIR behavior seen in Figure 4, examining surface
reactions at elevated temperatures was of interest. Figure 3
extends the simulation results at ambient to higher temper-
atures. The highest temperature in the simulation is roughly
100 °C lower than the onset of the PIR (Table 2), but the
trend shows that the likelihood of predicted thermodynamic
behavior does not change significantly at elevated temperatures.
In this way, calculations performed at room temperature are
reasonable predictions of behavior at elevated temperatures.
The experimental results shown in Figure 4 and Table 2

indicate an increase in reactivity for particles that contain a
crystalline γ-Al2O3 shell versus an amorphous Al2O3 shell. The
more ordered nature of the crystalline shell may promote
increased hydroxyl terminal bonding, specifically of site I and
IV coordinations. The DFT calculations indicate these
coordinations produce higher exothermic reactions with
fragmented fluorine radicals such as CF4, HF, and CH3F
from decomposing PTFE. These surface reactions are apparent
as exothermic PIR in all Al powder samples (Figure 4) but are
highest for Al powder with crystalline shells. The implication of
this result is that changing the phase of the shell may
functionalize the hydration layer toward a greater concentration
of site I coordinations as a way to optimize surface
exothermicity as well as main reaction exothermicity.
Experiments consistently show treatment in a polar fluid

promotes greater reactivity (regardless of shell structure).

However, computations show a polar environment enhances
exothermic surface reactions only for site IV coordinations but
has little effect on site I. The correlation between experimental
measurements of surface reaction enthalpies in Figure 4
compared to the DFT calculations in Figure 2 implies that
the polar fluid treatment may promote greater site IV
coordinations that contribute to a measurable increase in
reaction enthalpy.
Another interesting observation from the experimental

results in Table 2 is that higher enthalpies in the PIR correlate
with higher enthalpies in the main reaction. In fact for both the
PIR and main reaction, Figure 5 shows a linear relationship

between both reaction enthalpies (an R2 value of 0.99), with the
crystalline shell particles producing higher enthalpies for both
PIR and main reaction. The linearity predicts that ∼5% of the
total energy is harnessed in the PIR, while ∼95% remains in the
main reaction.
Two additional conclusions from the experimental results in

Figure 4 and Table 2 are shown in Figure 6(a) and (b). There
is a linear relationship between the onset temperature for
reaction and the reaction enthalpy. In Figure 6(a), the slope of
the curve indicates that reducing the onset temperature for the
PIR by about 2 °C results in a 7.3 J/g increase in PIR. Similarly,
reducing the onset temperature for the main reaction by about
5 °C results in an increase in main reaction by 143 J/g. The
linearity seen here is consistent with the linearity seen between
the PIR enthalpy and the level of hydration seen through IR
intensity mesurements in Figure 5 of Padhye et al.22 All of these
results suggest that higher levels of hydration that may stem
from surface coordinations of sites I, II, and IV result in
increased surface reactions seen by higher levels of enthalpy in
the PIR that promote higher levels of enthalpy in the main
reaction. Tailoring the surface structure toward optimizing
hydroxyl bonding that promotes surface reactions will also
facilitate combustion of the main reaction.

■ CONCLUSIONS
Theoretical calculations and experiments reveal the key
hydroxyl bonding coordinations that maximize exothermic
surface reaction enthalpy and correlate with maximizing the
main aluminum reaction enthalpy. Density functional theory
(DFT) calculations show the most exothermic reactions occur
at the terminal hydroxyl coordinations, specifically octahedral,
site I, and tetrahedral, site IV, and the most exothermic

Table 2. Values for the Onset Temperature and Reaction
Enthalpy from DSC Data in Figure 4a

aluminum
particles

onset
temperature
(°C) [PIR]

enthalpy
(J/mg)
[PIR]

onset
temperature
(°C) [MR]

enthalpy
(J/mg)
[MR]

Amorphous Al2O3 Shell
nonpolar 434.6 36 563 608
polar 432.0 42 557 816
Crystalline γ-Al2O3 Shell
nonpolar 428.8 56 550 1186
polar 426.7 64 537 1340

aNote PIR is pre-ignition reaction and MR is main reaction. Shaded
region in Figure 4 corresponds with enthalpy calculations. Onset
temperature determined as the intersection of the tangents of the peak
with the extrapolated data and does not correspond with shaded
regions.

Figure 5. Main reaction enthalpy as a function of PIR enthalpy
measured using DSC data (Table 2). Data points are labeled according
to the carrier fluid polarity (i.e., polar or nonpolar) and according to
the shell structure (amorphous or crystalline).
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reactions for both terminal coordinations occur with CF4 > HF
> CH3F. In the calculations, the differences in reaction
enthalpies on the alumina surfaces for polar compared with
nonpolar processing liquids are slight. Experiments were also
performed that altered the naturally amorphous shell structure
surrounding an aluminum core particle to crystalline γ-Al2O3.
Differential scanning calorimetry on amorphous compared

with crystalline Al2O3 shell particles as well as particle mixtures
combining Al with PTFE processed with either a polar or
nonpolar carrier fluid were examined. Results consistently show
a linear relationship between increasing preignition reaction
(PIR) enthalpy and increasing main reaction enthalpy, with the
crystalline shell structure optimizing the reaction enthalpy for
both PIR and the main reaction over the amorphous shell
structure. Also, for each shell structure, the polar processing
fluid produces greater energy for both reactions. The
experimental results confirm that the assumption of crystalline
shell structure used in the DFT models is representative of an
upper limit for the enthalpy model. The experimental results
also suggest that transforming the shell toward a crystalline
structure may optimize the abundance of terminal hydroxyl
coordinations that are predicted to produce the highest reaction
energies. These results show that optimizing energy available in
a PIR will correlate with optimizing energy available in the main
reaction. In this way, engineering the surface of an aluminum
particle toward greater surface reactions is a way to optimize
overall aluminum particle oxidation.
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