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With the recent implementation of nano sized metal powders into energetic composites 

such as solid rocket propellants, incorporating metal nanoparticles with high mass loading in 

the propellant has become an issue. In this work, an electrospray deposition technique was 

employed to increase particle loading of nano aluminum (n-Al) and demonstrate the 

potential of the fluoropolymer, polyvinylidene fluoride (PVDF), as an energetic binder. A 

mass percentage of 50 % n-Al in PVDF was determined to have the optimal combustion 

qualities when ignited in air. The Al/PVDF energetic nanocomposite film morphologies were 

analyzed using scanning electron microscopy (SEM) and energy-dispercive x-ray 

spectroscopy (EDS). Combustion characteristics of the film were analyzed using 

thermogravimetric analysis/mass spectrometry (TGA/MS) and temperature jump time of 

flight mass spectrometry (T-jump TOFMS). Ignition temperatures were determined at 

various pressured in air and argon environments. 

I. Introduction 

LUMINUM is commonly used as a fuel in solid rocket propellants due to is various desirable combustion 

characteristics.1 Nano sized aluminum particles can, in some cases, further increase these desirable properties 

and are beginning to be used in various applications primarily due to its increased specific surface area and faster 

oxidation rates. For propellent applications, aluminum is employed with a polymer binder, which itself may have 

reactive properties. Among various polymer based energetic binders used in solid propellants, fluorine containing 

polymers have been able to give the propellant sufficient mechanical integrity as well as enhance its energetic 

properties.2 The reaction induced fluorination of aluminum has been studied and has a calculated energy density 

greater than that of the oxidation of aluminum on a kilojoule per gram basis. Formation of aluminum fluoride (AlF3) 

relative to alumina (Al2O3) releases about 80 % more energy per unit mass than oxidation of aluminum (55.7 kJ/g 

and 31 kJ/g, respectively).3 

Fluoropolymers have been studied and employed in a wide variety of energetic compositions as coatings, 

binders, and oxidizers.4 Polytetrafluoroethylene or PTFE (Teflon) has been readily used in energetic formulations 

due to the high density of fluorine atoms within the polymer.5 One major issue when trying to employ PTFE as a 

binder is the polymer’s solubility. A similar polymer, polyvinylidene fluoride (PVDF), does not have this solubility 

issue and, although not as high as PTFE, still contains a relatively high density of fluorine atoms. PVDF, which 

contains 59.4 % fluorine by mass, has high mechanical strength, excellent thermal stability and chemical resistance, 

and has been previously demonstrated to be an efficient binder.6 
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The purpose of a binder in an energetic composite is to give the fuel mechanical integrity, but should also 

contribute desirably to the energetic properties of the fuel.7,8 Typical energetic binders used in past have been epoxy, 

nitrocellulose, and various fluropolymers.9,10,11 One major issue when using the previously discussed nano 

aluminum (n-Al) in an energetic composite is achieving high mass loading of the reactive components. This can be 

very challenging in part due to the rapid increase in viscosity of the polymer melt upon addition of high surface area 

nanomaterials that makes casting virtually impossible.12,13 

In this study, electrospray methods were employed to create high mass loadings of n-Al in an energetic 

polymeric film. Electrostatic spray deposition (ESD) has been proven to be an effective method for the deposition of 

films with thicknesses on the nano or micro scale.14,15,16 In the ESD process, a liquid solution is charged by passing 

it through a small nozzle electrically connected to a high voltage. Charges that build up on the surface create a 

columbic driven hydrodynamic instability that overcomes the surface tension of the solution, resulting in the 

formation of small, charged monodisperse droplets.  To create these thin films, the fine droplets are deposited to a 

substrate to form uniform solid films following solvent evaporation. The ESD technique can conveniently control 

the thickness, morphology and uniformity of a film by adjusting the solution concentration, flow rate and applied 

voltage and is also performed at ambient temperature under atmosphere pressure. 

Al/PVDF films with different n-Al mass loadings were made using various weight percentages of Al to PVDF. 

A very small percentage of ammonium perchlorate was added to decrease the droplet size as discussed later in this 

paper. The film’s optimal composition was determined and characterization using SEM and TGA/MS was 

performed.  

The Al/PVDF composite was analyzed using a modified temperature jump time of flight mass spectrometer (T-

jump/TOFMS).17 Rapid heating is used to replicate the combustion process more accurately than when using slower 

heating rates.18 When the rapid heating is preformed inside the TOFMS, the combustion process may be more 

thoroughly understood by examining the spectra at different times during combustion. The temperature of the wire 

can also be determined for any given time adding to the overall understanding of the energetic properties of this 

material. This technique will allow us to study the decomposition, ignition and combustion in a time resolved 

manner of these polymer composites. The ignition temperature was also measured at various pressures in air and in a 

pure argon atmosphere. 

II. Experimental 

A. Materials 

Aluminum nanopowders (Al-NPs) (ALEX, 50 nm) used in this work were purchased from Argonide 

Corporation. The active Al was 70 % by mass determined by thermogravimetric analysis (TGA). Polyvinylidene 

fluoride (Mw = 534.000) (PVDF), dimethylformamide (DMF) (99.8 wt %) and ammonium perchlorate (AP) (99.8 

wt%) purchased from Sigma-Aldrich were directly used as received. 

B. Precursor preparation 

Typically, 100 mg mixtures of n-Al and PVDF 

powders with an added 2.0 mg of AP were dissolved in 

1.0 mL of DMF solvent. The mixture was first stirred 

with a magnetic stir bar for 2 hours to dissolve the PVDF, 

sonicated for 1 hour in a Branson 5510 ultrasonicator, and 

then stirred again for 24 hours. 

C. Electrospray deposition 
This method employed a dual spray system using 2 

syringe pumps operating with a feed rate of 1.5 mL/hr. A 

5 mL syringe on each syringe pump was connected to 23 

gauge (ID: 0.43 mm, OD: 0.63 mm) stainless steel 

needles using PTFE tubing. The two needles were fixed 1 

cm apart from each other and 5 cm away from the 

substrate. A 20 kV differential was set between the 

needles and the substrate using two high voltage 

supplies with +10 kV on the needles and -10 kV on the substrate. A rotating drum wrapped in aluminum foil was 

used as the substrate as depicted in the schematic in Figure 1. The electrospray setup was also modified to coat a 

thin platinum wire (0.003” diameter) approximately 15 mm in length to be used in the T-jump analysis. 

Figure 1. Electrospray deposition of Al/PVDF film 

setup. 
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D. Characterization 

High-speed video was taken using a Phantom v12.0 digital camera running Phantom 692 software. The videos 

were recorded at 67000 frames per second. Ignition time and temperature were then determined from the recordings 

and T-jump data. 

The surface morphologies and thickness of the film were characterized using a scanning electron microscope 

(SEM, Hitachi, Su70 FEG-SEM) equipped with energy dispersive x-ray spectroscopy (EDS). For cross-sectional 

images, samples were first fractured in liquid nitrogen and then sputtered with carbon. 

 Thermogravimetric (TG) and Differential Scanning Calorimetry (DSC) analysis were performed on a SDT 

Q600 (TA instruments) under flowing nitrogen (50 mL/min). 2-3 mg samples were placed into an alumina pan, and 

heated from room temperature up to 900 ℃ at a rate of 20 ℃ /min. 

 Temperature jump time of flight mass spectrometry (T-jump TOFMS) was performed using a previously 

described home-built instrument. Samples were pipetted or electrosprayed onto a 0.003” diameter platinum wire for 

use in the TOFMS and for ignition temperature tests respectively. The platinum wire was heated with a heating rate 

of approximately 5 x 105 K/s in these experiments for approximately 3 ms.  A sampling rate of 100 µs per spectrum 

(10 kHz) was used to capture the progress of the reaction with 95 spectra obtained post-triggering for each run. The 

data was recorded using 500 MHz digital oscilloscope and transferred to a PC for further analysis. 

 Ignition temperature tests were performed using rapid heating of a platinum wire (0.003” diameter) coated 

with an electrosprayed Al/PVDF film approximately 3-5 mm in length inside of a chamber pressurized to a known 

pressure.  High speed video was taken to determine the time when ignition occurs. This time is then correlated to the 

temperature of the platinum wire at that specific time as described previously. 

III. Results and Discussion 

In preliminary work, high speed video was taken to 

analyze the combustion of Al/PVDF polymer composites 

to determine the optimum equivalence ratio in both air and 

argon environments at atmospheric pressure. A series of 

polymer composites were tested with equivalence ratios 

ranging from 0.25 to 4 (Al/PVDF). The fuel rich 

equivalence ratio of 2 preformed significantly better than 

all other mixtures in air. Images from the high speed video 

of burning in air, argon, and vacuum of an electrosprayed 

Al/PVDF film onto a platinum wire can be seen in the 

figure below. After determining the optimum equivalence 

ratio for combustion in air at 1 atm, a 50 % Al to PVDF 

by mass composition was chosen for further testing.  

The 50 % by mass Al/PVDF film was completely 

removable from the substrate it was electrosprayed 

onto. Low magnification SEM images of the film 

show that it is crack-free and smooth. Images of the 

surface morphology along with the cross-section of 

the film were taken as shown in Figure 3. EDS scans 

show the homogeneity of the n-Al and PVDF within 

the film as seen in Figure 3. The particles are well 

dispersed within the polymer matrix. The 

homogeneity of the film can be partly attributed to 

the addition of AP. Adding AP into the precursor 

solution increases the conductivity of the solution 

when it is electrosprayed. This is attributed to the scaling law, which states that the droplet 

diameter is approximately equal to K-0.33, where K is the electrical conductivity of the solution.19 

Figure 3. Low magnification (A), surface morphology 

(B), and cross section (C) SEM images of 50 wt. % 

Al/PVDF film. EDS scan of film surface (D) showing 

aluminum (E) and fluorine (F) content. 

 

Figure 2. Rapid heating of platinum wire coated 

with Al/PVDF in air (A), argon (B), and vacuum 

(C). D
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 TGA analysis of the Al/PVDF showed two distinct events where mass was lost at approximately 190 oC and   

340 oC. PVDF, in comparison, has one mass loss event occurring at approximately 500 oC as seen in Figure 4. 

Figure 4 (A) depicts the TGA curves at different mass loadings of n-Al in PVDF. The addition of n-Al promotes the 

decomposition of the polymer, despite the fact that this occurs well below the aluminum melting point. This 

decrease in temperature is attributed to the melting of the polymer enabling the reaction of fluorine with the alumina 

shell of the n-Al. This accelerates the decomposition of polymer.20 Mass spectra was taken directly from the TGA 

and select m/z intensities were overlaid onto the TGA curve as seen in Figure 4. 

 

 
 

 

 

The first mass loss event is explained as the pre-ignition reaction, which has been observed previously for the 

reaction of n-Al and PTFE.21 The m/z peaks at 2, 19, and 20 correspond to H2
+, F+, and HF+ species. These species 

are all also observed in the T-jump TOFMS experiments, as will be discussed later on. The relatively low signal 

intensity of F+ and HF+ is likely a result of the slow heating rates of the TGA in comparison to that of the T-jump 

TOFMS.  

 
Figure 5. 3D plot of time resolved spectra for Al/PVDF (A) and PVDF (B). 

 

The T-jump TOFMS spectra clearly show the evolution of species during the course of this reaction. The 3D plots 

in Figure 5 compare the reaction of Al/PVDF to the pyrolysis of pure PVDF and also show the two stages, pre-

ignition and ignition, that occur during the Al/PVDF reaction. Time resolved mass spectra can be seen below for the 

pre-ignition and ignition events. The two separate events are labeled in the figure below. Although m/z values up to 

400 were sampled, no peaks existed beyond m/z = 150. 

Figure 4. TGA curves of Al/PVDF with H2O+, OH+, and H2
+ mass spectrum intensities (A) and F+ and HF+

mass spectrum intensities (B). TGA curve with overlayed mass spectrum intensities for PVDF (C) 
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At 1.7 ms, Al+ and AlF+ species begin to be detected. This corresponds to the beginning of the ignition reaction. 

As seen in the below spectra and the TGA/MS data, H2
+, F+, and HF+ are all observed. These species have much 

higher relative signal intensities due to their rapid release caused by the high heating rates of the T-jump TOFMS 

system. 

 
Figure 6. T-Jump TOFMS spectra of Al/PVDF during pre-ignition (A) and ignition (B) reactions. 

 

There is a difference of m/z = 19 between the m/z = 113 and 132 peaks that become apparent at 1.3 ms, 

corresponding to a wire temperature of 875 K and is the loss of a F+ due to fragmentation. The decomposition of 

PVDF can be seen at 0.5 ms with the apeareance of CO+ and CO2
+ peaks. The CO+ species at m/z = 28 may in 

actuality be C2H2
+ generated from fragmentation of various larger species produced during this reaction. The 

TOFMS spectra for the pyrolysis of pure PVDF in Figure 7 shows 4 distinct fragments with m/z values of 43, 57, 

71, and 85. Each of these major peaks are spaced with a ∆m/z value of 14, corresponding to a CH2
+. These peaks are 

all also very broad representing the loss or gain of H+ on each of these fragments.  

A very small HF+ peak is visible in the pure PVDF spectra in comparison to that of the Al/PVDF film. This peak 

also comes about at a much lower temperature of approximately 770 K for Al/PVDF as apposed to 890 K for the 

pure PVDF supporting our hypothesis that the addition of the n-Al accelerates the decomposition of the 

fluoropolymer.  
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Figure 7. T-Jump TOFMS spectra of PVDF. 

 

As reported by Zulfiqar et. al., the main decomposition product of PVDF is hydrogen fluoride (HF).22 This claim 

is supported by the extremely high signal intensity at m/z = 20 in the TOFMS spectra above. It is postulated that the 

Al/PVDF film reaction is as follows: 

 

 
 

In the presence of oxygen, the burning of Al/PVDF is much more vigorous. The proposed formula for this reaction 

is as follows: 

 

                

 

A series of experiments was performed on the Al/PVDF film after 

being electrosprayed onto a platinum wire. The pressure was varied 

and ignition temperatures were measured for air and argon 

atmospheres as seen in the Figure 8. The plotted ignition 

temperatures show a significant decrease when pressure is increased 

in both air and argon atmospheres. 

 

This trend can explain why very little visible ignition is seen during 

rapid heating in vacuum. The low pressure may be increasing the 

ignition temperature above the maximum temperature of the heated 

wire. The pressure within the mass spectrometer is approximately 

10-6 torr, which is much lower than 1 atmosphere (the lowest 

pressure tested in the ignition temperature experiment). It is also 

observed in the figure above that the Al/PVDF film has an ignition 

temperature of approximately 50 K lower in air than argon at 1 atm. 

This can be attributed to the reaction between the n-Al and oxygen 

in the air. 

 

Figure 8. Ignition temperature vs pressure 

for Al/PVDF film electrosprayed onto a 

platinum wire in air and argon. 
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IV. Conclusion 

Al/PVDF free-standing films were fabricated by electrospray deposition at high particle mass loadings and 

homogeneous dispersion of n-Al within a PVDF matrix. Small amounts of AP were used to increase homogeneity 

by decreasing droplet size during the electrospray deposition process. Combustion characteristics were analyzed 

using TGA/MS and T-jump TOFMS. Both techniques produced results that correlated to each other and also 

previous work done on the PVDF fluoropolymer. 

Although only very minor visible combustion is detected when heated inside the mass spectrometer, it is certain 

that some reaction is proceeding between the n-Al and PVDF when heated in vacuum due to the presence of the 

AlF+ peak in the mass spectra above. In future studies, the TOFMS results in vacuum will be compared to the 

TOFMS data from ignition in air at 1 atm. The reaction mechanism in air can be further postulated by the presence 

of any Al2O3
+ signal in the spectra. 
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