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fuel must diffuse through the oxide to react with oxygen in the va
por phase [11,12]. The potential increase in liberated energy and
energy release rate makes fluorinated materials viable alternatives
to conventional metal oxide powders in several applications.

Reactive mixtures where the fuel and oxidizer components are
both powders (e.g., Al and Fe2O3) are typically consolidated by
powder compaction. This often results in a material that is brittle
due to an absence of chemical bonding and/or strong physical
interaction between the individual particles. The mechanical prop
erties of pressed powder composites can be improved by the addi
tion of a binder material, however, these materials are often inert
and subtract from the performance of the material [13]. Addition
ally, due to the high SSA of the nano powders, a significant amount
of binder is required to provide complete coverage of the powders.
The addition of fluorinated polymers, or reactive polymers in gen
eral, as either an oxidizer or reactive binder has the potential to
introduce useful mechanical properties into these reactive powder
mixtures. Reactive mixtures of nano Al with PTFE or PTFE/Viton
represents current state of the art for reactive nano Al/fluoropoly
mer systems [7,8,14]. In most literature reports these composites
are prepared by sonochemical mixing of nano Al with PTFE or
PTFE/Viton powders in a solvent to evenly distribute and increase
contact between the components. Consolidation of the mixtures is
achieved by evaporation of the solvent and compression of the
mixed powders into pellet form [7,15]. Fluoropolymers are soft
in comparison to nano Al and the composites can often be pressed
to near uniform density without undergoing any elevated temper
ature processing or sintering. However, the consolidated pressed
powder composites have minimal chemical and/or physical inter
action between the individual component particles (poly
mer + metal and polymer + polymer), and thereby fail to achieve
adequate mechanical properties. To obtain better bonding between
the individual components, additional processing steps such as sin
tering or extrusion can be performed, however, sintering of PTFE is
typically performed at temperatures above 300 400 �C which is
near the temperature required to initiate pre ignition reactions;
i.e. reactions with the amorphous aluminum oxide shell on nano
Al [9]. Processing of PTFE by extrusion is also not possible without
addition of other chemicals and/or solvents or modification of the
polymer backbone to yield a co polymer [16].

Herein we report a new approach towards the preparation of
nano Al/fluoropolymer composites, comprised of functionalized
nano Al chemically integrated into a fluorinated methacrylic poly
mer through an in situ polymerization process. These aluminized
fluorinated acrylic nanocomposites, which we have termed AlFA
composites, show good bonding at the polymer and particle inter
face and exhibit thermoplastic behavior allowing them to be pro
cessed using conventional polymer processing techniques such as
melt extrusion. A detailed description of the synthetic approach
and characterization of their physical properties and reactive
behavior is discussed.
Table 1
Reaction conditions for the synthesis of AlFA composites.

Composite PAM-co-nAl (g) PFDMA (g) AIBN (g) Cyclohexanone (mL)

AlFA-0 – 50.0 0.50 75
AlFA-10 5.0 45.0 0.45 75
AlFA-30 15.0 35.0 0.35 75
AlFA-50 25.0 25.0 0.25 75
AlFA-60 30.0 20.0 0.20 75
AlFA-70 35.0 15.0 0.15 75
2. Experimental

2.1. Chemicals

Aluminum nanoparticles (80 nm, 80% active Al content) were
obtained from Novacentrix, Inc. and were stored under argon in a
glove box (O2 6 1 ppm; dew point = 80 �C) prior to use. Cyclohex
anone, phosphoric acid 2 hydroxyethyl methacrylate ester (PAM)
and 2,20 azobis(2 methylpropionitrile) (AIBN) were acquired from
Aldrich and used as received unless otherwise noted.
1H,1H,2H,2H perfluorodecyl methacrylate (PFDMA) was obtained
from Synquest Laboratories and purified by vacuum distillation
and stored under nitrogen in a refrigerator (4 �C) prior to use.
2
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Cyclohexanone was dried over CaH2 and distilled prior to use in
the polymerizations. AIBN was recrystallized from acetone prior
to use.

2.2. Synthesis of PAM co nano Al

The procedure used for the surface functionalization of nano Al
with PAM prior to composite formation was adapted from previous
literature [17]. A typical reaction for the functionalization of
nano Al with PAM to yield PAM co nano Al was performed as
follows. A 1000 mL four necked reaction vessel, fitted with an
overhead stirrer, two rubber septa, and a glass stopper was charged
with nano Al powder (30.0 g, 1.11 mol) and hydroquinone
(0.050 g, 0.45 mmol), which was added as a radical scavenger to
prevent polymerization during the reaction. PAM (2.97 g,
12.5 mmol) [18] was dissolved into 250 mL of cyclohexanone
and transferred to the reaction vessel and stirred (235 rpm). A
nitrogen atmosphere was established and maintained in the reac
tion vessel throughout the course of reaction. The vessel was then
submerged into an external oil bath at 60 �C and reaction was
allowed to progress for 4 h. The functionalized particles were iso
lated by vacuum filtration over a 0.2 lm PTFE membrane (Cole
Parmer) and washed with cyclohexanone and acetone to remove
physisorbed PAM. The filtered product was then dried in a vacuum
desiccator to remove residual solvent prior to analysis. Organic
content of the PAM co nano Al was determined to be ca. 4% by
weight.

2.3. Synthesis of aluminized fluorinated acrylic (AlFA) composites

AlFA X (where X denotes the particle content in terms of parti
cle wt.%) composites were prepared by in situ polymerization of
PFDMA with varying concentrations of PAM co nano Al as indi
cated in Table 1. A typical polymerization for the preparation of
AlFA 30 was carried out using the following procedure. A 1000
mL four necked reaction vessel fitted with an overhead stirrer
and three rubber septa was charged with PAM co nano Al
(15.0 g) and AIBN (0.350 g, 2.13 mmol). The vessel was then sealed
and placed under a nitrogen atmosphere. PFDMA (35.0 g,
65.8 mmol) was added via syringe to the reaction vessel followed
by dry cyclohexanone (75 mL) which was transferred via canula
to serve as the solvent. The reaction mixture was subjected to three
purge freeze pump thaw cycles to remove dissolved oxygen.
Upon completion the mixture was stirred at 235 rpm and the reac
tion vessel was submerged into an external oil bath held at 75 �C
for a minimum of 4 h. In most cases polymerization was completed
prior to 4 h and could be observed by an increase in viscosity and
precipitation of the composite from the solvent, however, the reac
tion was still held at temperature for 4 h to ensure the complete
polymerization. After 4 h the heat was removed and the reaction
was allowed to cool to room temperature. The composite was re
moved from the reaction vessel, transferred to a filtration appara
tus fitted with a 0.2 lm PTFE membrane and washed with acetone
to remove cyclohexanone and any unreacted monomer. The fil
tered product was then dried in a vacuum desiccator to remove
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residual solvent. Reaction yields between 90% and 95% were ob
served for each composite.

To ensure uniform distribution of the nano Al throughout the
material, the composite was compounded for 3 min in a DACA
Instruments benchtop twin screw extruder at 150 �C. The com
pounded material was then extruded through a circular die into
a cylindrical clam shell mold and allowed to cool to room temper
ature. The final product was a gray, waxy solid with increasing
metallic luster as particle content increased; the AlFA 0 composite,
which does not contain any nano Al, was a white waxy solid.

2.4. Characterization

Thermogravimetric analysis (TGA) was performed on a TA
Instruments SDT Q600 dual TGA/DTA. Samples (5 20 mg) were
placed into a tared alumina crucible with an empty alumina cruci
ble serving as the reference. All data was collected in dynamic
mode under flowing argon (100 mL/min) from room temperature
up to 800 �C at a rate of 5 �C/min.

Differential Scanning Calorimetry (DSC) was performed on a TA
Instruments Q1000 DSC. Samples (3 10 mg) were sealed in an alu
minum pan with an empty aluminum pan serving as the reference.
Each sample was subjected to a heat cool heat cycle to remove
any stored thermal history in the material. After equilibrating at

90 �C samples were heated at 5 �C/min to a final temperature of
150 �C. Following the first heating cycle the samples were cooled
from 150 �C to 90 �C at a rate of 5 �C/min and then subjected to
a second heat ramp covering the same temperature range at
2 �C/min. All reported data was collected during the final heating
cycle.

Transmission electron microscopy (TEM) images were acquired
on a Phillips CM200 microscope with LaB6 emission source at an
operating voltage of 200 keV. Samples were prepared by embed
ding small slivers of the composites into flat molds filled with
EMbed 812 resin and polymerized overnight in a 60 �C oven. The
blocks were then ultramicrotomed with a PowerTome XL ultrami
crotome by Boeckler Instruments and a 35� Diatome diamond
knife. Sections were cut at a thickness of 75 nm and a speed of
1 mm/s. Ribbons of the sections were floated onto the water trough
of the diamond knife and picked up and placed onto 3 mm 400
mesh hexagonal Cu grids and allowed to air dry. Once dry, the sec
tions were ready to be imaged in the TEM.

Pellet combustion experiments were performed by placing an
8 mm long � 4 mm diameter pellet of the respective composite
onto a stainless steel wire mesh located in a vented fragmentation
chamber under an air atmosphere. The pellets were initiated by a
butane flame from directly below. A NAC Image Technology Mem
recam� GX8 digital high speed video camera, collecting full frame,
full color images at 3000 frames per second, was used to record vi
deo of the pellet combustion experiments. Images from the high
speed video were subsequently analyzed using image processing
software (IDL 3.1) in order to calculate intensity of reaction (light
output) as a function of time.

X ray powder diffraction (XRD) spectra were acquired on a Rig
aku DMAX B RU200 spectrometer using CuKa radiation. Identifica
tion of the observed patterns was accomplished by comparison
with the ICDDS crystallographic database.

Quasi static compression testing of 8 mm long � 4 mm diame
ter right circular cylinders was carried out using an MTS 820
servo hydraulic test frame, incorporating a self aligning compres
sion subpress (Wyoming Test Fixtures, model B 11) with
precision ground steel upper and lower platens. Testing was per
formed according to ASTM D695 10 under displacement control
at a nominal strain rate of 10 3 s 1. A digital video camera and
associated image correlation software (Vic Gage 2.0: Correlated
Solutions, Inc.) was used to record continuous strain data from
3 
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multiple, redundant virtual strain gages during the testing. Simul
taneous load data was obtained using a calibrated 10 kN load cell
mounted on the load frame. Teflon� tape was used to lower the
friction between the specimen end faces and both upper and lower
loading platens, to minimize barreling. A minimum of two repeat
specimens were tested for each AlFA composition.
3. Results and discussion

To date, PTFE has been the most prominently reported fluori
nated precursor used in nano Al/polymer composite reactive sys
tems. This is due in part to its fully fluorinated carbon backbone
resulting in a fluorine density of 75% by weight, higher than any
other fluorinated polymer system. Additionally, PTFE is available
in both micron and nano scale powders that are amenable to mix
ing with nano Al. The main limitation of PTFE is its processability.
Suspension or dispersion polymerizations are commonly used to
prepare high quality PTFE [16], however these approaches require
the use of both an aqueous layer and elevated temperatures, which
limits the possibly of introducing nano Al to prepare nano Al/PTFE
composites in situ since nano Al reacts with water, especially at
elevated temperatures. In the present work, therefore, a solution
polymerization approach was selected which would not compro
mise the reactivity of nano Al. Secondly, a monomer system was
required that could be polymerized in situ with the functionalized
nano Al particles and one that would yield a more processable
polymer than PTFE. PFDMA was chosen since it has a highly fluori
nated alkyl tail, analogous to a PTFE oligomer and contains ca. 60%
fluorine by weight. PFDMA also contains a readily polymerizable
methacrylic head that is amenable to free radical polymerization
and is similar in structure to the PAM used to functionalize the
nano Al. Furthermore, PFDMA was commercially available at a
moderate cost and is compatible with many solvents making it
desirable for solution polymerization.

The presence of a solvent was necessary to overcome the com
mon viscosity and wetting issues related to the high SSA of the
nano Al particles; cyclohexanone was selected to provide dissolu
tion of the heavily fluorinated monomer, PFDMA, thereby allowing
it to react with the functionalized particles during polymerization.
The acting hypothesis was that the monomer coating present on
the nano Al surface would co polymerize during propagation of
the growing poly(PFDMA) chains thereby providing a direct chem
ical linkage between the particles and the polymer matrix. The
general reaction scheme is presented in Scheme 1.

The thermoplastic behavior of the poly(PFDMA) matrix allowed
for successful compounding of all AlFA composites with the excep
tion of the AlFA 70 composite. The particle content was sufficient
in the AlFA 70 powder to seize the screws in the compounder. A
picture of a typical processed and machined AlFA composite is dis
played in Fig. 1. It is worth noting that the physical appearance of
the composites increases in metallic luster as the particle content
is increased.

TGA analysis was performed to confirm the particle loading of
the composite materials after compounding and extrusion. A
noticeable weight loss was observed slightly above 150 �C associ
ated with degradation of the polymer matrix, likely scission and
decomposition of the perfluorinated alkyl tail to yield an alkene
or alcohol [19,20]. Complete degradation of the polymeric matrix
was achieved by ca. 400 �C for each composite studied. The resid
ual mass observed at 500 �C was used to determine the particle
content of the composite. Figure 2 contains an overlay of the TGA
curves for the respective composites along with a chart illustrating
the difference in the observed particle content from the initial par
ticle loadings used to prepare the composites. Based upon the TGA
results it was clear that the in situ polymerization approach
ublic release; distribution unlimited.
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