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In order to explore the mechanism of reaction involving Al-polytetrafluoroethylene (PTFE) mechanically

activated energetic composites, a molecular dynamics simulation was carried out to predict the pyrolysis
of PTFE. Then, density functional theory (DFT) was applied to calculate the mechanism of reaction
between the products of PTFE pyrolysis and Al Furthermore, the pressure and temperature obtained

during the reaction of Al-PTFE were tested to study the chemical structure before and after heating.

Finally, the laser-induced breakdown spectroscopy experiment was performed. According to the
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experimental results, the main pyrolysis products of PTFE include F, CF, CF,, CF3 and C. The path of the

CF3s + Al — CF, + AlF reaction is the easiest to achieve. AlFz, Al and Al,O3 are the main components of
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1 Introduction

Compared with the traditional single substance energetic
materials, composite energetic materials usually have higher
energy density, lower reaction rate and lower energy release
rate." Amongst the variety of composite energetic materials
with good safety performance and high energy density,
aluminum (Al) based energetic materials have been widely used
in propellants, explosives and other settings.* Micron or nano
particles provide a common means for Al combustion and
utilization. However, due to the tendency of oxidation, it is
inevitable for a dense Al,O; film to develop on the surface of Al
particles, which adversely affects the long-term storage of Al
based energetic materials. At the same time, a higher ignition
temperature is required to melt the Al,O; shell when Al is
burned.® Up to now, it remains unclear whether the fracture of
the Al,O; shell is caused by Al core melting or polycrystalline
phase transformation.*

Fluoropolymer is a commonly used coating agent, while
polytetrafluoroethylene (PTFE) is often used as the composite
with other materials to effectively improve the combustion
performance.® The composite of PTFE and Al is applicable to
prevent the further oxidation of Al-Al,O; spheres and ensure
the active Al content of the material,” which improves the
storage performance of Al-based energetic materials. In the
process of ignition, the hydroxyl groups on the surface of PTFE
and Al,O; shell undergoes pre-ignition reaction (PIR), which
makes Al,O; shell prone to cracking, thus reducing the ignition
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the pyrolysis products of PTFE with Al. Compared with Al-PTFE, the ignition temperature required by the
Al-PTFE mechanically activated energetic composite is lower and its combustion reaction is faster.

energy of AI-PTFE and enhancing the activity of the reaction
system.® In addition, PTFE can react with Al, and the bond
energy of Al-F is higher than that of Al-O. Therefore, AI-PTFE is
characterized by high calorific value and high reaction heat.
Specifically, the specific energy per unit mass/volume of Al-
PTFE exceeds twice that of TNT, despite its poor performance in
strength, density and insensitivity.

The content, particle size and morphology of Al tend to have
a significant impact on Al-based composite energetic materials
in terms of energy release. In the experiment conducted by Li
et al.,’ AI-PTFE owning about 60% Al in mass fraction release
a large amount of heat during reaction process. In general, it is
considered that a smaller particle size of Al leads to a faster pace
of combustion reaction.'® However, there are also some studies
indicating that the reaction activity of nano Al can be reduced by
the relatively low content of active Al or particle agglomera-
tion.™ By changing spherical Al particles into flake Al particles,
the decomposition temperature of Al based mixture can be
effectively reduced and the decomposition rate can be
improved.”> In regard to the characteristics of macroscopic
detonation, the particle size of Al makes a huge difference to the
velocity and pressure of detonation as well as other parameters
of Al based explosives,* thus affecting the threshold of material
impact reaction." It is expected that the combustion perfor-
mance of Al matrix composite energetic materials can be further
improved by mixing and optimizing coarse and fine Al parti-
cles.” Therefore, the research on the reaction process of Al
based energetic materials plays a significant role in promoting
the synthesis of energetic materials.

In recent years, Russia and the United States have began to
rely on mechanical activation (usually the equivalent of the
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reaction inhibition ball milling method'**’) to increase the
interface contact between Al and PTFE reactants, reduce the
distance of diffusion, as well as improve the rate of energy
release and conversion. With regard to the reactivity of metal-
PTFE mechanically activated energetic composites, Koch EC
monitored the reaction of metal/fluoropolymer composites
through'” infrared spectroscopy, and then analyzed the reaction
of Mg-PTFE composites. D. D. Dlott et al.*** explored the
reaction threshold and energy release mechanism of nano-Al-
PTFE and B/PTFE composites initiated by laser flash heating
through transient spectroscopy, and detected the transient
intermediate products obtained through the reaction. Tao J.
et al. researched the characteristics of concentrated ignition
and reaction process of AI-PTFE composites.” In spite of this,
there remains a lack of systematic research on the reaction
mechanism of AI-PTFE mechanically activated energetic
composites, especially the dynamic decomposition process of
PTFE and its reaction mechanism with Al under anaerobic/
aerobic conditions.

In the present study, the reaction mechanism of Al-PTFE
mechanically activated energetic composites is systematically
investigated from different perspectives such as the cracking of
PTFE, the reactivity of AI-PTFE composites, the reaction acti-
vation energy of AI-PTFE composites, the gas generation in the
reaction of AI-PTFE composites, and the laser-induced break-
down spectroscopy of AI-PTFE composites. The correlation
between the decomposition products of PTFE and their distri-
bution with time was obtained, and the reaction mechanism
between PTFE decomposition products and Al under aerobic/
anaerobic condition was analyzed. This work can effectively
guide the formulation design of explosives containing AI-PTFE
composites, and gain a deeper understanding of the reaction
path and energy release mechanism of AI-PTFE composites.

2 Experiment and computation
2.1 Computational method

2.1.1 Reaction molecular dynamics calculation of thermal
decomposition of PTFE. Based on the Reaxff 6.0 force field,”>*
an amorphous cell containing a PTFE with polymerization
degree of 100 was constructed. The target density was set to
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2.2 g em*, and the temperatures were set to 2000 K and 3000 K,
respectively. Then, the mechanism of high-temperature initial
pyrolysis was explored. In addition, an amorphous cell con-
taining four PTFE was established to study the effect of poly-
merization degree on the cleavage. The target density was set to
2.2 g em™3, and the temperature was set to 3000 K. Fig. 1 shows
the initial configuration of PTFE. With the equilibrium struc-
ture built in NVI-MD simulation as the initial configuration
(system energy changes over time is shown in Fig. 2), the
simulation of isothermal isobaric molecular dynamics (NPT-
MD) was carried out at different temperatures. The tempera-
ture and pressure were adjusted by using nose-Hoover hot bath
and Rahman-Parrinello pressure bath respectively to ensure
that the temperature and pressure fluctuate around the preset
value. The simulation time was 200 ps (PTFE pyrolysised
completely in this circumstance), the step size was 0.1 fs, and
the output data was collected every 0.1 ps. All simulation
calculations were performed with MS software.*

2.1.2 Density functional theory calculation of the reaction
between PTFE decomposition products and Al. The calculation
of the reaction between PTFE cracking products and Al was
carried out by using the Gaussian09 software. At the level of 6-
311+G (d,p) base set, the density functional B3LYP method was
used to optimize the geometric configuration at each stationary
point on the reaction potential energy surface of Al and PTFE
cracking products. Also, the analysis of vibration frequency was
carried out to optimize the structure of the reactants, transition
states and products of the reaction between PTFE cracking
products and Al. To determine that there is a unique virtual
frequency in the transition state, the vibration analysis of the
reactants, transition states and products was carried out at the
same level, which also ensures the correct vibration mode for all
compounds.

2.2 Experiment

2.2.1 Sample preparation. Aluminum powder was
purchased from a commercial organization, with a grade of
FLQT-2, a purity of over 99% and a D5, of 26 pm with a spherical
shape. The particle size of PTFE powder is approximately 1 pm
with a powdery shape. The Spex 8000M high-energy ball mill
sourced from the SPEX company was applied to prepare Al-

(a) DP=100

Initial configuration of PTFE. (a) PTFE with DP of 100, (b) PTFE with DP of 25.

Fig. 1
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Fig.2 System energy changes over time of PTFE (DP = 25) at 2000 K.

PTFE mechanical activated energetic composites. SU8010 field
emission scanning electron microscope was employed to char-
acterize the morphology of the samples.
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Commercially available aluminum powder and PTFE
powder were taken as the raw materials. Al and PTFE were
mixed and then added into the high-energy mill at a ratio of
60 : 40. Then 20 mL of n-hexane was added. The ball and tank
body are both made of stainless steel. There are two 8 mm
stainless steel balls and two 4 mm stainless steel balls in the
ball tank. The ball mill is milled for 2 minutes and inter-
rupted for 1 minute for cooling to prevent excessive temper-
ature. The time of high-energy ball milling was set to 1 h, as
the AI-PTFE particles are relatively complete, tightly con-
tacted, and the surface is smooth after 1 hour ball milling.
After filtration, the milled samples were dried in 313 K oven
for later use. The morphology of AI-PTFE composites before
and after balling are shown in Fig. 3. AI-PTFE composites
before ball milling (S-AI-PTFE) is a physical mixture of
spherical Al powder and PTFE powder. AlI-PTFE mechanically
activated energetic composites (F-Al-PTFE) is a sheet-like
composite. The properties of two composites are shown in
Table 1, and the impact and friction sensitivity were tested
according to GJB772A (1997) method.

2.2.2 Reactivity test. Thermogravimetric differential
scanning calorimetry (TG-DSC) analysis was performed on the
449C TG-DSC synchronous thermal analyzer of Netzsch,

05 1 2 25 3 35
12 2329 cts 5 0.000 he

Fig. 3 SEM (a) and (b), EDS (c) and (d), and elemental distribution (e) and (f) images of Al-PTFE. (a), (c) and (e) Al-PTFE composites before ball
milling (S—ALl-PTFE); (b), (d) and (f) Al-PTFE mechanically activated energetic composites (F-Al-PTFE).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The properties of Al-PTFE before and after ball milling

Ball milling Theory density Heat of combustion Impact Friction
Sample (min) (gem™) geg™h sensitivity (%) sensitivity (%)
S-Al-PTFE 0 2.47 23424.8 12 20
F-Al-PTFE 60 2.47 23424.8 8 12

Germany. Aluminum crucible, with a sample size of approx-

imately 1.0 mg, a carrier gas of N,, a flow rate of 75 mL min ™",

and a heating rate of 10 °C min~".

According to the reaction analysis of Al-PTFE composite
materials, a 10 g level mechanical activated metal material
reaction performance test system was established. The test
device consists of a small sealed projectile and its matching
heating sleeve. The structure of the test device is shown in
Fig. 4. The melting point of aluminum is 660 °C, and the
combustion of ordinary aluminum powder occurs when the
temperature approaches its melting point. Therefore, the
system developed in this study can be used for the tempera-
ture to reach a maximum of 700 °C in a controlled manner. In
order to prevent the instability of high temperature control
and line overloading caused by continuous high power, the
final heating mode is supposed to be 2 °C min~" below 400 °C
and 1 °C min~" above 400 °C.

2.2.3 Laser-induced breakdown spectroscopy experiment.
The schematic diagram of the experimental system is shown
in Fig. 5. The Nd:YAG lamp (Grace NASOR 800) was used to
ablate the samples. The wavelength of laser is 532 nm and the
corresponding width of pulse is 9 ns. The single pulse laser
energy was adjusted to 60 mJ through the energy attenuator
on the external optical path. Then, a focusing lens with a focal
length of 15 mm focuses the laser on the surface of the sample
which was compacted in a stainless steel hole with a diameter
of about 2 mm. The system used for spectrum measurement is

comprised of a spectrometer (Shamrock 750) and an inten-
sified charge coupled device (ICCD, ISTAR CCD 334). The
measurement wavelength ranges from 180 to 850 nm and the
accuracy of wavelength is 0.03 nm. Before ablation, the
sample of each ablation was adjusted to the specified position
through the laser indicator. By repeating the ablation exper-
iment and adjusting the measurement delay of ICCD, a time-
resolved spectral diagnosis of the laser ablation process was
implemented.

In the course of laser propagation, energy loss results mainly
from the quartz glass and the reflector in the attenuator. The
average power density of the laser focus was determined
through the following formulas:

P = 4E,J(red?) (1)
dy = 4fAL M?/(edly) 2)
M> = 0.25d,07/ A (3)

Eaps = ET), (1 — R;) (4)

where P represents the average power density of the laser
focus, E,ps denotes the actual incident energy, dr indicates the
theoretical diameter of the focus, fis referred to as the focal
length of the focusing lens, M” represents the quality factor of
the laser beam, d;, indicates the laser diameter after beam
expansion, d; stands for the diameter of the laser spot, ¢

1 - sealing cartridge body, 2 - heating jacket, 3-conduit, 4 - pressure sensor

Fig. 4 Test device.
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Fig. 5 Experimental apparatus.

denotes the divergence angle, A;, means the laser wavelength,
E indicates the laser set energy, and T, and R, represent the
transmittance of quartz glass and the reflectance of the
reflector, respectively. The value of P was finalized as 9.187 X
10"® W ecm? since the sample could be ablated by the laser at
this power density.
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3 Results and discussion
3.1 Analysis of PTFE pyrolysis products

The pyrolysis products of PTFE with a polymerization degree of
100 at different temperatures were calculated, as shown in Fig. 6.
It can be found out from the figure that the foremost pyrolysis
products of PTFE with a polymerization degree of 100 at 2000 K
include F, CF,, C, CF3, CF, and F,, with the number of products in
the order as follows: F > CF, > C > CF; > CF, > F,. It is also found
out that the main pyrolysis products of PTFE with a degree of
polymerization of 100 at 3000 K include F, CF, CF,, C, F, and CF;.
The number of these products is in the order as follows: F > CF >
CF, > C > F, > CF;. By comparing the effect of temperature on
pyrolysis products, it can be discovered that temperature rise can
significantly increase the content of F free radicals in cracking
products, and that the amount of F free radicals rises from about
90 to 130, which leads to an increase in the proportion of CF free
radicals in pyrolysis products.

At 2000 K, the foremost pyrolysis products of PTFE with a 25
degree of polymerization include F, CF, C, F,, CF; and CF,.
Compared with the PTFE with a 100 degree of polymerization, the
reduction in degree of polymerization can increase the content of
F free radicals in the pyrolysis products to a significant extent,
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Fig. 6 Main pyrolysis products of PTFE at different temperatures. (a) PTFE with DP of 100 at 2000 K; (b) PTFE with DP of 100 at 3000 K; (c) PTFE

with DP of 25 at 2000 K.
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with the amount of F free radicals rising from about 90 to 120,
which also causes an increase in the proportion of CF free radicals
in the pyrolysis products.

In general, the foremost PTFE pyrolysis products include CF,
CF,, CF; and F, etc. Both the increase of temperature and the
reduction of polymerization degree are conducive to enhancing
the decomposition of PTFE cracking products, which leads to
a sharp rise in the content of F and CF free radicals in the
products.

3.2 Reaction mechanism of PTFE pyrolysis products with Al

In order to better understand the mechanism of reaction between
PTFE decomposition products and Al, the main reaction pathways
of PTFE decomposition products and Al under oxygen-free
conditions were calculated, as shown in Fig. 7. Fig. 7a shows the
reaction path of CF; + Al — CF, + AlF, Fig. 7b shows the reaction
path of CF, + Al — CF + AlF, and Fig. 6¢c shows the reaction path of
CF + Al — C + AlF. The difficulty of chemical reaction are deter-
mined by the energy barrier of the reaction. By comparing Fig. 7a—-
¢, it can be found out that the reaction energy barrier of CF; + Al
— CF, + AlF is the smallest (only 2.39 k] mol "), followed by CF, +
Al — CF + AIF (9.29 k] mol ") and CF + Al — C + AIF
(9.29 k] mol ). Therefore, the reaction path of CF; + Al — CF, +
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AlF is the easiest to achieve, followed by the sum reaction path of
CF, + Al — CF + AIF and CF + Al — C + AIF.

3.3 Experimental study on heating reaction process of Al-
PTFE mechanically activated energetic composites

In order to investigate the effect of milligrams on the reactivity of
AI-PTFE mechanically activated energetic materials, the thermal
properties of AI-PTFE mechanically activated energetic materials
with different ball milling times were tested using DSC. The heat
flow curve is shown in Fig. 7. From the graph, it can be seen that
there are three endothermic peaks on the heat flow curves of the
four samples with different ball milling times: the first peak
represents the endothermic melting of PTFE; the second peak
represents the endothermic decomposition peak of PTFE; the
third peak represents the second decomposition of PTFE. As
shown in Fig. 8, high energy ball milling can significantly reduce
the critical reaction temperature of AI-PTFE mechanically acti-
vated energetic materials and improve their reactivity.

A test was conducted on the reaction process of 10 g level Al-
PTFE mechanically activated energetic composites, as shown in
Fig. 9. After the pressure of AI-PTFE mechanically activated
composites begins to rise at about 420 °C, it basically levels off. At
about 600 °C, the system pressure declines abruptly at basically
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Fig. 7 Main reaction pathways of PTFE decomposition products and Al under oxygen-free conditions. (a) CFz + Al — CF, + AlF; (b) CF, + Al —

CF + AlF; (c) CF + Al — C + AlF.
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Fig. 8 DSC of Al-PTFE with different ball milling time.

the same time as ignition. It is thus inferred that Teflon begins
decomposition to produce gaseous products at about 420 °C,
which leads to a rise in system pressure. When the temperature
reaches about 600 °C, the decomposition products of Teflon and
aluminum powder undergo a violent exothermic reaction to
produce the final product without gas. In this circumstance, the
system pressure ends up showing a downward trend. The ignition
of the AI-PTFE composite occurs at 598.5 °C, which is followed by
a relatively violent exothermic reaction. Because of the dense oxide
layer on the surface of the ordinary aluminum powder, the
oxidation reaction occurs only when it is heated to the melting
point of the aluminum, which is nearly 660 °C. According to the
pressure time history curve, the system pressure of Al-Teflon
mechanically activated material starts to rise at a certain point in
time before ignition, and it basically levels off after the pressure
rises. Finally, the system pressure decreases. According to the
comprehensive temperature and pressure time history curve, the
system pressure starts to rise at about 420 °C, followed by some
fluctuations. At about 600 °C, the system pressure suddenly
declines at basically the same time as ignition. Given the prop-
erties of aluminum powder and Teflon, as well as the potential
reactions between the two substances, it can be inferred that

600 -

TI'c

400 |-

0 i L 1 1 1

0 100 200 300 400
t/min

Fig. 9 Gas generation during Al-PTFE heating process.
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Teflon begins decomposition at about 420 °C to produce gaseous
products, thus causing the system pressure to increase. When the
temperature reaches about 600 °C, the decomposition products of
Teflon undergo a violent exothermic reaction with aluminum
powder to produce a final product without gas, with the final
system pressure showing a downward trend. Therefore, unlike the
common solid-solid MIC systems (such as Al-Ni, Al-CuO, Al-
Fe,0;), the reaction of Al-PTFE leads to the generation of gas
products. As analyzed previously, these gas products may be the
condensation products of those free radicals containing 1 carbon
atom, tetrafluoroethylene and a small amount of tetrafluoro-
ethylene. Due to the presence of gas products, there is a significant
increase in the contact area, thus improving reactivity. This is the
difference between it and other metal-metal oxides.

In order to study the chemical composition of the products
before and after the reaction of Al with PTFE, the content of
surface elements in AI-PTFE composites was determined before
and after the reaction, as shown in Fig. 10. The weight percentage
of surface elements of AI-PTFE composites before the reaction is
C (21.11%), F (65.31%) and Al (13.58%), respectively. The weight
percentage of surface elements in the reaction AI-PTFE compos-
ites is C (11.32%), O (9.44%), F (22.43%) and Al (56.80%),
respectively. According to the analysis, the content of C and F in
surface elements shows a sharp decline after reaction, while Al
content increases significantly. Also, the chemical structure of the
Al-PTFE composite before and after the reaction was examined.
From the figure, it can be seen that the chemical structure of the
system in the infrared curve is dominated by PTFE before the
reaction, and the peak of the system is not easily observable after
the reaction. The system is predominantly inorganic. Judging
from the previous theoretical calculation, its main components
are supposed to be AlF;, Al and Al,O;.

3.4 Laser-induced breakdown spectroscopy of mechanically
activated energetic composites

Fig. 11 shows the characteristic spectra of Al powder, S-Al-PTFE
and F-Al-PTFE under the laser ablation corrected by background
intensity. During measurement, the emission spectra of Al I and
Al IT were found strong, with the width of ICCD set to 100 ns. The
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AlO signal is relatively weak, with the gate width of ICCD set to
1000 ns to prevent noise interference. Fig. 11 shows the changes in
plasma temperature over time based on the Boltzmann equation
and Al I (309 nm and 394 nm) measurement data obtained for
three samples. The relevant data can be found in NIST spectral
database or the published literature.

As can be seen from Fig. 11, the emission peak of Al line
approaches 309.4 nm, 394.5 nm and 396.2 nm, with some vibra-
tion bands of AlO in the range of about 460-494 nm. This
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vibration band shows several peaks, among which those at
484.4 nm and 486.7 nm are easily observable. The emission
spectrum of Al is ascribed to the vaporized active metal Al
produced by the oxidation shell rupture on the surface of Al
particles generated by laser ablation or a large amount of active Al
formed by the fracture of Al-O bond created by the laser direct
ablation of Al,O; shell. As for Al, it can be found out that Al
(394 nm, 396 nm) has a relatively high emission intensity, while Al
(309 nm) has a low emission intensity. Through a comparison
between these three samples, it can be discovered that under the
context of different time delays, the emission intensity of Al
(309 nm, 394 nm, 396 nm) is in the order as follows: Al powder >
F-AI-PTFE > S-Al-PTFE. This is largely attributed to the difference
in laser energy absorbed by Al particles. Specifically, the Al parti-
cles in Al powder absorb almost all the laser energy irradiated on
the sample surface, while the Al particles in F-AI-PTFE absorb
only part of the laser energy due to the existence of PTFE. Also, the
Al particles in F-Al-PTFE absorb more than those in S-AI-PTFE.

In general, the emission intensity declines with the reduction
in plasma energy density. Because the experiment is conducted in
an open environment, AI-PTFE composites can come into contact
with O, in the air. However, the emission intensity of AlO rises
during the period of 5-20 ps. A similar phenomenon was also
observed for the plasma temperature with a small increment,
which indicates the occurrence of two exothermic reactions: Al + O
— AlO and Al + O, — AlO + O. Up to now, there are two expla-
nations proposed. On the one hand, the oxide film on the surface
of Al particles must undergo a lengthy melting process. Therefore,
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Fig. 11 Typical emission spectra of three samples under laser ablation. (a)-(c) Time delay: 1 ps, gate width: 100 ns; (d) time delay: 10 ps, gate

width: 1000 ns.
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Fig. 12 Plasma temperature varies with time.

the generated active Al continues to participate in the reaction of
AlO formation in the later stage of ablation when the oxide film
breaks apart. On the other hand, it can be seen from Fig. 12 that,
the plasma temperature of the three samples continues
a decreasing trend during the period of 1-5 ps. When the decay
reaches a significant extent, the pace of the forward AlO genera-
tion reaction rises sharply, and the overall AlO generation of the
three samples shows an increasing trend. Thus, the signal of AIO
at 5 ps is enhanced significantly. According to the first explana-
tion, there is stronger AlO emission by F-AI-PTFE at 2 ps than S—-
AI-PTFE and a relatively stronger AlO emission by S-Al-PTFE at 5-
40 ps. Thus, F-AI-PTFE has a lower ignition temperature and
faster rate of combustion reaction. This is a contributor to F-Al-
PTFE showing an advanced peak of temperature curve compared
with S-Al-PTFE. Specifically, F-Al-PTFE shows a peak of temper-
ature rise at 2 ps, while S-AI-PTFE shows a peak of temperature
rise at 5 ps.

4 Conclusions

The reaction mechanism of AI-PTFE before and mechanically
activation is systematically investigated. The activation energy,
the gas generation during reaction, and the laser-induced
breakdown spectroscopy of AI-PTFE composites are obtained.
Then the following conclusions can be drawn specifically:

(1) The increase of temperature and the decrease of poly-
merization degree play a role in enhancing the decomposition
of PTFE cracking products.

(2) The difficulty of chemical reaction are determined by the
energy barrier of the reaction. Compared the reaction of the
pyrolysis products of PTFE with Al without O,, the reaction path
of CF; + Al — CF, + AlF is the easiest to achieve.

(3) Different from metal-metal oxides, gaseous products can
be produced during the decomposition process of Al-PTFE
composites. High energy ball milling can significantly reduce
the critical reaction temperature of AI-PTFE composites.

(4) AI-PTFE mechanically activated energetic composites has
a lower ignition temperature and faster rate of combustion
reaction in air.
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