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The aluminum-fluorine reaction is attracting growing interest due to its higher density over aluminum-
oxygen. Fluorine rich polymers are particularly interesting for their applications as an energetic binder
in advanced additive manufacturing of energetic materials. In this paper, three soluble polymers of PVDF
(59 wt% F), Viton (66 wt% F) and THV (73 wt% F) are incorporated with aluminum nanoparticles (Al NPs)
and prepared as free-standing films using solvent-based direct writing. The three composite films are
compared for their mechanical properties as well as the ignition and combustion performance. Tensile
stress was found to order as Al/PVDF > Al/THV > Al/Viton while the elasticity of Al/Viton is much higher
than the other two. The burn rate of different composite films increases with Al content, while the flame
temperature peaks slightly fuel-rich. The Al/PVDF had the highest burn rate, however, the flame tem-
perature ordered as Al/THV (~2500K) > Al/Viton (~2000K) > Al/PVDF (~1500K), consistent with fluorine
content. With higher fluorine and lower hydrogen content, THV releases more CFx gas than HF, which
generates higher temperature. However, HF which is predominantly produced from PVDF has the lowest

ignition by far and may be responsible for its high flame speed.

© 2018 Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

The oxidation of aluminum fuel with fluorine is 2x more en-
ergy dense than that of aluminum-oxygen on a molar basis, at-
tracting attention as an energetic additive in propellants, explo-
sives, and pyrotechnics [1-3]. Fluorine-rich polymers such as PTFE
(polymer of tetrafluoroethylene), PVDF (polymer of vinylidene flu-
oride), Viton (dipolymers of hexafluoropropylene and vinylidene
fluoride), and THV (terpolymers of tetrafluoroethylene, hexafluoro-
propylene and vinylidene fluoride) stand out for their high fluorine
content, low melting point and plasticity [4-10]. These materials
can also serve as polymeric binders to provide the mechani-
cal integrity to energetic composites. While PTFE has the high-
est fluorine content of ~76 wt% it is insoluble in any known sol-
vent, thus limiting its practical application. However, many other
fluorocarbons, while having slightly lower fluorine content have
found application as oxidative binders. Huang et al. [4] prepared
a free-standing Al/PVDF film via an electrospray deposition tech-
nique, which showed excellent mechanical properties even with Al
nanoparticle content as high as 50wt%. In addition to the work
discussed above, the low melting point of PVDF enabled McCollum
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and coworkers [11] to extrude Al/PVDF into thin filaments as the
feed source to prepare films through 3D-printing. The energy den-
sity for Al/PVDF which is roughly estimated as 947.7k] per mol
of aluminum, while the value for the convectional Al/CuO is only
600k] per mol of aluminum [1-5]. Viton was commonly used in
Magnesium/Teflon/Viton (MTV) composites, which have been in
use since the 1950s as payloads in infrared decoy flare applica-
tions [12]. Groven and coworkers [9,13] developed a THV based ink
with nano and micro Al which enabled the formation of 3D struc-
tures. However, no systematic inter-comparison has been explored
between these three fluoropolymers and is the subject of this
paper.

Currently, there is enthusiasm for utilizing additive manufac-
turing strategies to obtain structural energetic materials and a
variety of methods have already been explored including tem-
plating [14], melting-extruding [11,15], inkjet-printing [16], elec-
trophoretic deposition [17], photopolymerization [18] and elec-
trospray [4]. Among these direct writing is one of the most
popular because of its relative simplicity and convenience
[9,19-21]. Also, direct writing of energetic materials works with a
solvent which is desirable for safety purposes. In this paper, three
different fluorine polymers of PVDF, Viton, and THV incorporating
Al NPs were prepared by direct writing and were comparatively in-
vestigated for their film-forming properties, ignitability, activation
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Table 1
Physiochemical properties of the three polymers.
PVDF Vitona  THV

Molecule weight 534,000 - -
Density (g/cm?) ~1.78 >18 1.9-2.0
Melting point (°C) 177 - -
Fluorine (wt%) 59.4 66 73
Hydrogen (wt%) 3.1 19 0.6
Carbon (wt%) 375 321 26.4

energy, mechanical properties, burn rate, flame temperature, and
combustion products. As the data in this study will demonstrate,
Al/PVDF has the highest burn rate and mechanical tensile elastic-
ity while Al/THV burns at the highest flame temperature. With the
increase of Al content, the burn rates of all the three composite
films increase while the flame temperatures peak around a slight
fuel rich ratio. Species released from three composite films were
detected and the combustion products were also examined to pro-
pose a possible mechanism.

2. Experimental section
2.1. Chemicals and precursors

Aluminum nanoparticles (Al NPs, ~85nm, ~81wt% active
Al) were purchased from Novacentrix. PVDF (Molecule weight:
534,000), Viton® A and THV® were ordered from Sigma-Aldrich,
Chemours Company, and 3M Company, respectively. N, N-
Dimethylformamide (DMF, 99.8%) was purchased from BDH chem-
icals. All chemicals were used as received. As Table 1 lists, PVDF,
Viton, and THV have a fluorine content of ~59 wt%, ~66wt% and
~73 wt%, respectively, according to vendor’s description. To pre-
pare an Al/PVDF precursor with an equivalence ratio of 1.0, 500 mg
PVDF was completely dissolved in 5mL DMF, and then 174 mg Al
NPs were added into the solution and sonicated for 1 h. After stir-
ring for 24 h, the precursor was ready for direct writing. To pre-
pare an Al/Viton and Al/THV precursor with an equivalence ratio
of 1.0, the polymer concentrations remain the same but the added
Al NPs are different owing to different fluorine content of the poly-
mers. The stoichiometric Al mass fraction for Al/PVDF, Al/Viton and
Al/THV is 25.8wt%, 27.8wt% and 30.0 wt%, respectively (phi=1).
The calculations were based on Eq. (1) with the consideration of
active aluminum content in Al NPs and fluorine content in each
polymer. Composite films (10 layers unless specified otherwise)
with different Al content were also prepared, with a fixed polymer
concentration and a different mass fraction of Al NPs.

%Al + CHF, = %Ang +xC + %Hz )

2.2. Direct writing of free-standing films

For film fabrication a Hyrel System 30 M printer was employed
with a heating stage. The precursor was loaded in a 30mL sy-
ringe with a feed rate of ~4.5mL/h (measured feed rate) and a
needle size of ~0.7 mm. The stage coupled with a glass substrate
was heated to ~80 °C before printing, to enable solvent evapo-
ration prior to printing a subsequent layer. The printed area was
2cm x 2cm, printed in 10 layers unless specified otherwise. The
samples were peeled off from the glass substrate and then cut into
2cm x 0.25 cm sections for the following tests.

2.3. SEM, EDS, XRD, TG/DSC/MS, and mechanical property test
The microstructure of Al/PVDF, Al/Viton, and Al/THV films was

investigated by using a Hitachi SU-70 scanning electron micro-
scope (SEM) coupled to an energy dispersive spectrometer (EDS).

The films were sectioned in liquid nitrogen and attached to a car-
bon film on an SEM stage. The films were also characterized by
a thermogravimetry (TG, TA Instruments Q600) and a mass spec-
trometer at an argon flow of 100 mL/min and a heating rate of
10 °C/min. The combustion products were characterized by pow-
der X-ray diffraction (XRD, Bruker D8 with Cu K radiation). The
tensile strength of the films was measured using a Shimazu Auto-
graph AGS-X tensile tester.

2.4. Burning rate and flame temperature measurement

The films were ignited by a Joule-heated nichrome wire (~1cm
in length, 0.010 in. in diameter) in a ~30 mL quartz tube filled with
argon (10L/min argon flow for 5min). Film burning was recorded
using a high-speed camera at a rate of 7000 pps (Vision Research
Phantom Miro M110 high-speed camera). The tests for each sample
were conducted in triplicate and the average burning rate with the
standard error was reported [3]. To estimate the flame temperature
of the burning films, color ratio pyrometry was performed using
the same high-speed color camera according to a modified Gray-
body assumption and then a fitted Planck’s Law and the tempera-
tures raw data were obtained [22]. Only unsaturated pixels above
the black level and within the error threshold are used to report
the mean temperature of the frame for a contiguous area of at
least 10 acceptable pixels.

2.5. T-Jump ignition and time-of-flight mass spectrometry

The details of T-jump time-of-flight mass spectrometry (T-Jump
MS) method to determine ignition temperature and the tempo-
ral evolution of species can be found in ref. [23]. Typically, a
~10mm long platinum filament (~76 um in diameter) is coated
with a thin layer of film with a thickness of ~1-2pum. Then
the filament is resistively heated to ~1400K at a heating rate of
~4x10° K s71 in 1 atm of Argon to achieve ignition. The igni-
tion process and subsequent combustion were monitored using a
high-speed camera (14.9 ps exposure with 256 x 256 pixels, Phan-
tom V12.1, 76,000 pps). The ignition temperature was calculated
by coupling the observed ignition timestamp from the high-speed
video with the wire temperature profile. A high speed, time-of-
flight mass spectrometer was also coupled with to the ignition fil-
ament in vacuum, which is used for detecting the species released
during fast heating.

3. Results

Three composite films of stoichiometric Al/PVDF (Fig. 1a),
Al/Viton (Fig. 1b) and Al/THV (Fig. 1c) were prepared by direct
writing 10 layers with the same mass of ink and under the same
printing conditions. The SEM images with low- and high-resolution
as well as the stress—strain curves are shown in Fig. 1. All the films
show uniform thickness with sharp edges, which indicates precise
flow rate control by the direct writing process. SEM also reveals
smooth, void-free films, indicating good solvent evaporation dur-
ing drying. PVDF and Viton have a similar density of 1.8 g/cm3,
while THV has a higher density (~1.95g/cm?3), thus Al/THV will
has a lower volume if the total mass is fixed. Consequently, the
resulting thickness of PVDF- and Viton-films was roughly the same
(~160 um) while the THV was thinner (~130um). Considering they
are all 10 layers (L), the writing speed for the PVDF- and Viton-
composite films is ~16 pm/L, and ~13 pm/L for the THV.

As the high-resolution SEM images show, the morphology of
the three composites films is significantly different. Consistent
with of our previous studies [3,4,24], Fig. 1a-1 (Al/PVDF) shows a
thin PVDF network (honeycomb structure) in which Al NPs are em-
bedded. This structure results in a high tensile strength (~35MPa)
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Fig. 1. Low and high resolution SEM images, and stress-strain curves of directly written Al/PVDF (a), Al/Viton (b) and Al/THV (c) films (10 layers). Note different axis in

stress-strain diagrams.

with a Young’s Modulus of 0.7 GPa. Figure 1c-1 (Al/THV) shows
a similar structure, but THV does not form as extensive a net-
work as PVDF resulting in a yield stress of only ~6.5MPa and a
Young’s Modulus of ~0.1 GPa. As for the Al/Viton case, no network
is seen in SEM (Fig. 1b-1), and Al NPs were encapsulated in the
whole Viton matrix. Due to the rubber-like property of Viton, the
yield stress is as low as ~1.2MPa and Young’s Modulus is only
~0.002 GPa, which is ~50 and ~350 times lower than that of THV
and PVDF, respectively. However, the elasticity of Viton is much
higher than the other two, with>30 times higher strain before
fracture.

The fuel-oxidizer ratio is an important parameter which will
not only affect the physical properties such as thickness and mor-
phology but also directly manipulate the combustion performance
[25]. In this study, composite films with various Al content from
~17 wt% (fuel lean) to 50 wt% (fuel rich) were prepared (SEM were
shown in Figs. S1 and S2). The thickness, as well as the burn rate
of the films varying with particle loading of Al NPs is shown in
Fig. 2a and b, respectively. The thickness of the films increases
with the increase of particle loading of Al NPs in the polymer ma-
trix which we speculate to be correlated with two factors. The
first factor is that the structure of the films tends to be more
porous owing to Al NPs packing more loosely with less binder
content available to fill the voided space. The second reason is
that, for an ink, higher particle loading results in higher viscos-
ity (less flowability) which results in narrower but thicker lines
written by the printer; the latter point is likely to be the reason
thickness increased abruptly from 45wt% to 50wt% for Al/PVDF
10-layer case. Overall, the thickness increases with particle loading
effect (Al/PVDF > Al/Viton > Al/THV) is highly sensitive to the vis-
cosity of the inks (Al/PVDF > Al/Viton > Al/THV) [9,26], which will
be discussed in future work and out of the scope of this study.

As Fig. 2b shows, the average linear burn rate (in argon) does
not peak at the stoichiometric ratio (26-30wt% Al) but keeps in-

creasing with the particle loading, most likely due to enhanced gas
production and heat convection with more reactive fuel [17,27].
Considering the slope of the curves in Fig. 2b, the burn rate of
Al/PVDF increases linearly from 17 wt% to 50 wt% Al while that of
Al/Viton and Al/THV are less sensitive to particle loading when fuel
content is>30wt% (phi=1). The linear increase in burn rate for
the Al/PVDF case may be due to the enhanced pre-ignition effects
induced by the Al,05-PVDF reaction as a result of the higher Al,03
mass fraction [1,3,28]. PVDF has the highest hydrogen content and
the most likely to release HF (catalyzed by Al,03) to promote the
pre-ignition by etching the shell [3,28,29]. However, this argument
needs further experimental evidence. It is also noted that the burn
rate trend of Al/PVDF case doesn’t change with different thickness
of either 5 layers or 10 layers, which further confirms the uniform
dispersion of Al NPs in different layers and indicates steady com-
bustion of the whole film.

The burn behavior of the different composite films was cap-
tured by a high-speed camera with typical snapshots shown in
Fig. 3, from which one can see the flame fronts proceed steadily
for all the three cases. Besides the slightly different burn rates we
mentioned in Fig. 2b, the other differences in the burning for the
three films are the flame size and brightness, which are in the or-
der of Al/THV > Al/Viton > Al/PVDF, suggesting that the flame tem-
peratures might follow the same order.

The flame temperatures of the three composites films (with dif-
ferent Al content) were obtained by color ratio pyrometry with a
high-speed color camera [22]. The summarized average flame tem-
perature (Fig. 4a), typical snapshot and estimated flame tempera-
ture map are shown in Fig. 4b-4d. In summary, the average flame
temperatures for stoichiometric Al/PVDF (Fig. 4b), Al/Viton (Fig. 4c)
and Al/THV (Fig. 4d) are ~1500K, ~2000K, and ~2500K, respec-
tively. With the increase of Al content, the flame temperature of
Al/Viton and Al/THV peaks slight fuel-rich but is less sensitive in
Al/PVDF.
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The combustion products were collected and examined by XRD
and SEM. As the XRD results (Fig. 5a) show, the major products of
all the cases are AlF3 (and carbon, which is not detectable in XRD
but confirmed by EDS as shown in Fig. S3). With increase of Al
content, we saw burn rate increase in all the three cases, as well
as much smaller AlF; product particles forming in the combustion
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Fig. 5. XRD results and SEM images of combustion products from Al_PVDF, Al_Viton
and AI_THV with stoichiometric and 50 wt% Al (10 layers).

products (Fig. 5b), which is evidence of enhanced heat convection
and advection resulting in reduced sintering [17,27]. However, the
flame temperature versus Al content peaks slight fuel rich (Fig. 4a),
which did not follow the same trend as the burning rate which in-
creases with Al loading (Fig. 2a). For Al/PVDF with 50 wt% Al (fuel
rich), excess Al was detected in the combustion products, while
for Al/Viton and Al/THV, aside from the Al peaks, a new product
of Al4C3 was also detected. The Al4Cs only being formed in the
Al/Viton and Al/THV combustion products may result from reac-
tion between excess Al and C residue. which nominally will require
higher temperatures to trigger. In prior work we have actually ob-
served Al4C; when burning Al/PVDF in air because of the higher
flame temperature (~1800K) than in argon atmosphere (~1500K)
[4]. Obviously, the energy density is the highest at stoichiomet-
ric consequently, the flame temperature declines rapidly for all the
three when it is fuel rich, as shown in Fig. 4a.

To probe the reaction mechanism of aluminum with different
fluorine-containing polymers, time-resolved speciation obtained by
Time-of-Flight T-Jump Mass Spectrum (T-Jump MS). The normal-
ized and time-resolved HF and CF; release of the three compos-
ite films were shown in Fig. 6a-c, respectively. Al/PVDF releases
the highest amount of HF gas and the least amount of CF3. The
HF release from Al/Viton and Al/THV is roughly the same but
much lower than Al/PVDE This result is consistent with the fact
that PVDF has the highest hydrogen content so should yield the
highest HF and lowest CFx, which results in much more H, (a
side-product from the AI-HF reaction) detected than the other
two cases (Fig. 6d). The exothermicity of Al-CFx (—706k]J/mol for
Al/CF4) reaction is much higher than Al-HF reaction (—470 k]/mol).
As a result, flame temperatures are Al/THV > Al/Viton > Al/PVDF.
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On the other hand, PVDF has by far the lowest ignition temper-
ature (570 °C) because HF release triggers the pre-ignition reac-
tion with the alumina shell [3,28,29] (Fig. S4). Activation ener-
gies of the three composites obtained by the Ozawa method from
TGA give Al/PVDF ~80-100k]/mol which is smaller than that of
Al/Viton (100-120Kk]/mol) and Al/THV (110-120k]J/mol), are pre-
sented in Fig. S5 and consistent with PVDF having the lowest ig-
nition temperature.

4. Conclusion

Three soluble fluorine rich polymers of PVDF (59wt% F), Vi-
ton (66 wt% F) and THV (73 wt% F) were incorporated with Al NPs
and prepared into free-standing films by direct writing. It is found
that tensile elasticity is in the order of Al/PVDF > Al/THV > Al/Viton
while the stretchability of Al/Viton is much higher than that of
Al/PVDF and Al/THV. Al/PVDF has the highest burn rate compared
to the other two. However, the flame temperature is ordered:
Al/THV (~2500K)> Al/Viton (~2000K)> Al/PVDF (~1500K). THV
releases more CFy gas than HF while PVDF showed the oppo-
site trend. Al-CFx produces more heat release Al-HF, thus Al/THV
was observed to have the highest flame temperature. However, HF
which is strongly produced by PVDF triggers the pre-ignition of Al
and reducing its ignition temperature significantly and is a possi-
ble explanation why Al/PVDF was the fastest burn even though it
had the lowest temperature.
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