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Thermite serves as a kind of representative energetic material, which is extensively applied in the civil and
military fields. In this paper, PTFE/Al/Fe Oz, PTFE/AI/MNO, and PTFE/Al/MoOs, solid fluorine-containing
thermite with different PTFE content, were successfully fabricated by referring to the traditional thermite
and adding PTFE as a binder or matrix. Quasi-static compression tests were performed to investigate the
mechanical and reactive behavior of fluorine-containing thermite. SEM and XRD were employed to
analyze and characterize the energetic composites and reaction residuals. The results show that all types
of fluorine-containing thermite exhibited different mechanical behavior. PTFE/A/MnO, exhibited the
lowest yield strength and strain hardening modulus, but the highest compressive strength and
toughness. With the increase of PTFE content, the strength of fluorine-containing thermite improved. No
reaction occurred when the PTFE content was 60 vol%, while fluorine-containing thermite with a PTFE
content of 80 vol% experienced a severe exothermic reaction under quasi-static compression. The
ignition of PTFE/Al/MoOsz and PTFE/Al/Fe,Oz actually attributed to the reaction of Al and PTFE, and the
reaction between Al and Fe,Os or MoOsz was not excited due to the insufficient input energy. The
thermite reaction between Al and MnO, as well as the reaction of MnO, and PTFE, was induced
because PTFE/AI/MNnO; possessed excellent ductility and absorbed the most energy during compression,

rsc.li/rsc-advances

1 Introduction

Thermite is a kind of representative energetic material, which is
composed of aluminum powder mixed with metal oxide with
strong oxidability. Under the function of heat or mechanical
force, thermite can experience violent oxidation-reduction
reactions and release a large amount of heat.” Because of its
high energy density, flexible formulation, good safety and high
adiabatic temperature, thermite has a broad application pros-
pect. In the civil field, thermite is generally used in metal
welding, flame cutters and thermal batteries;** in the military
field, it is widely adopted as the additive of combustion agents,
ignition powder, high-energy charge and solid rocket
propellants.®’

Research on the application of thermite has received exten-
sive attention. However, there are some urgent problems in the
application of thermite, such as the low activity and poor energy
release rate of micro thermite, the insufficient mechanical
properties of the prepared thermite grain, and the lack of cor-
responding mechanical strength. Therefore, at present, the
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accompanied with the production of Mn and MnF,.

research focus of thermite is mainly in two aspects. One is to
prepare nano thermite, in addition to the performance of micro
thermite, nano thermite owns other performance advantages,
including closer to ideal detonation, higher energy release rate
and higher combustion (energy conversion) efficiency, so this
research direction mainly focuses on the preparation method,
ignition performance, thermal performance and combustion
performance of nano thermite, and has obtained many signif-
icant results.®*° The other is to add polymers to the thermite as
binder. This idea is mainly through adding polymer into the
thermite as the matrix, so that the material has better
mechanical properties and higher sensitivity, and it is easy to
prepare using mold processing to adapt to different industrial
and military needs."*™*

In recent years, a kind of new-type thermite which use
fluorine-containing substances as oxidants and Al as reducing
agents has attracted great attention, such as Al/polyvinylidene
fluoride (PVDF) and Al/polytetrafluoroethylene (PTFE).**"’
Fluorine atom is the most negative in all elements. When flu-
oropolymers decomposes under heat, it will release fluorine-
containing radicals with strong oxidation. Because the melt
viscosity of PTFE is extremely high, and the fluorine content of
PTFE is 76%, which is the highest among all fluoropolymers,*®
PTFE is very suitable as binder and oxidant in thermite system.
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Feng et al.***° reported a violent reaction phenomenon of Al/
PTFE mixtures treated by a specific sintering process under
quasi-static compression. Based on this finding, the effects of
sintering temperature and composition ratio on the quasi-static
reaction of Al/PTFE were ascertained. Wu et al.** studied the
influence of Al particle size on mechanical properties of Al/PTFE
composites, the results show that with the increase of Al particle
size, the strength of the composites declined monotonously,
and the toughness rose firstly and subsequently decreased.
Ding et al** utilized a new energy release testing device to
investigate the energy release ability of PTFE/Al/CuO. It was
found that with the increase of the content of Al/CuO thermite,
the energy release rate of the material increased significantly,
and because of the larger specific surface area, the ignition
energy of nano-scale materials decreased, resulting in that the
energy release ability of the nano-scale materials was higher
than that of micron-scale materials. Consequently, adding PTFE
as binder into the traditional oxide thermite to prepare struc-
tural fluorine-containing thermite can not only give full play to
the advantages of traditional thermite, but also provide excel-
lent mechanical strength for materials. Most importantly, PTFE
can also be served as oxidant to react with Al and promote the
energy release of thermite system.”®*?* Fluorine-containing
thermite combines the characteristics of traditional thermite
and metal/polymer reactive materials, and has distinct advan-
tages compared with inert damage elements.

In this paper, three types of thermite (Al/Fe,O3, AI/MnO, and
Al/Mo0O;) were selected for comparison. PTFE/Al/Fe,03;, PTFE/
Al/MnO, and PTFE/Al/M0O3, solid fluorine-containing thermite
with different PTFE content, were successfully fabricated by
referring to the traditional thermite and adding PTFE as
a binder or matrix. Quasi-static compression tests were per-
formed to investigate the mechanical and reactive behavior of
fluorine-containing thermite. X-ray diffraction (XRD) was used
for the residue characterization. Scanning electron microscope
(SEM) was employed to anatomize the relation between the
interior microstructures and the mechanical behavior of the
materials.

2 Experimental
2.1 Materials

The raw materials adopted to conduct experiments include:
PTFE, Al, Fe,03;, MnO, and MoO;. PTFE was provided by
Shanghai 3F New Materials Co., Ltd. (Shanghai, China), Al,
Fe,03, MnO, and MoO; powders were commercially available
from Shanghai Naiou Nano Technology Co., Ltd. (Shanghai,
China). The initial microstructures of the materials were char-
acterized by Hitachi S-4800 scanning electron microscope
(HITACHI, Tokyo, Japan), as given in Fig. 1. It can be seen that
PTFE take on soft and irregular with an average size of 20-30
pum, the geometry of Al and Fe,Oj; particles are spherical and the
particle size is from 1-2 um, MnO, and MoOj; particles are an
irregular polyhedron with an average particle size of 1-3 pm and
4-6 um, respectively.

5534 | RSC Adv,, 2020, 10, 5533-5539

View Article Online

Paper

Fig. 1 The initial microstructures of the raw materials: (a) PTFE; (b) Al;
(c) Fe»0s3; (d) MnOy; (e) MoOs.

2.2 Specimens preparation

The theoretical chemical equilibrium ratio of Al to Fe,O3, Al to
MnO, and Al to MoOj; were 39.6 vol%/60.4 vol%, 43.4 vol%/
56.6 vol% and 39.4 vol%/60.6 vol%, respectively. For the
convenience of contrast and analysis, the volume fraction of Al
to three types of oxides were all set to 40%/60%. Considering
that when the PTFE content is too low, the material exhibits
brittleness and fails at very low strain, which does not possess
research and practical value, the volume fraction of PTFE added
in the thermite system is 60% and 75% respectively. Table 1
tabulates the formulation of experimental specimens, along
with the corresponding theoretical maximum density (TMD).

The preparation process was based on Nielson's patent,
which included mixing, cold isostatic pressing and vacuum
sintering.>® The raw materials were stirred mechanically for
20 min in an ethanol solution and dried for 48 h at 60 °C in
a vacuum oven. Then the dried powder was cold pressed by
FLS30T hydraulic press under a compressive pressure of
300 MPa to obtain cylindrical specimens with size of 10 mm x
10 mm. Finally, the pressed specimens were sintered in
a vacuum oven at 360 °C for 4 h with a heating rate of 90 °C h™*
and a cooling rate of 50 °C h™'. The temperature change in
sintering process is limned in Fig. 2.

2.3 Experimental procedures

Quasi-static compression tests were carried out by a CMT5105
electrohydraulic universal testing machine (MTS industry

Table 1 The formulation and TMD of experimental specimens

Volume fraction (vol%)

Type Al Fe,0O; MnO, MoO; PTFE  TMD (gcm )
A 8 12 — — 80 2.60
B 8 — 12 — 80 2.58
C 8 — — 12 80 2.54
D 16 24 — — 60 3.01
E 16 — 24 — 60 2.95
F 16 — — 24 60 2.88

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The temperature change in sintering process.

system Co. Ltd., Shenzhen, Guangdong, China) with a loading
capacity of 100 kN. The load speed was set to 6 mm min "
corresponding to a nominal strain rate of 0.01 s~'. Ambient
temperature was 23 °C. In order to alleviate the influence of
friction, all contact surfaces of the specimens were lubricated
with petroleum jelly prior to the quasi-static compression tests.
Triplicate experiments were carried out for each type of speci-
mens. In total, eighteen specimens—three for each of the six
types of specimens—were fabricated for testing to examine the
consistency and reliability of the experimental results. To
observe the reaction phenomenon more clearly and accurately,
time sequences of the quasi-static compression tests were
recorded by a digital high-speed camera with the frame rate of
20 000 frames per s. To investigate the relation between the
interior microstructures and the mechanical behavior of the
materials, SEM was applied to characterize the interior micro-
structures of the materials.

The engineering stress and engineering strain were calcu-
lated on the basis of the data measured directly from the
universal testing machine. By supposing the volume of spec-
imen remains constant when compressed, the true stress and
true strain could be calculated by following equations:

o= gz /%(1 — &)
P i 1)
g=In —=In ——
hy 1 — &
where o, is true stress, & is true strain, and e, is engineering
strain. P is the applied force, A, and %, are the initial cross-
sectional area and height of the specimen, A and /4 are instan-
taneous cross-sectional area and height of the specimen during
deformation.

3 Results and discussion
3.1 Mechanical behavior under quasi-static compression

The true stress-strain curves of six types of fluorine-containing
thermite are shown in Fig. 3, and the corresponding mechanical
property parameters are listed in Table 2. It can be found that
the six types of fluorinated thermite have experienced three
stages of elastic deformation, plastic deformation and failure,
and represented strain hardening phenomenon in the plastic
deformation stage. However, there were significant differences
in mechanical properties among the six types of fluorinated

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

'*TypeA
+—TypeB
—+—Type C
-~ Type D
10 +—Type E
0 I T A SR AR 73
00 02 04 06 08 10 12 14 16 18 20 22 24
True strain

True stress/MPa

Fig. 3 The true stress—strain curves of six types of experimental
specimens under quasi-static compression.

thermite. For comparison, the data in Table 2 are depicted in
the form of column diagram, as shown in Fig. 4. PTFE/Al/Fe,0;
(type A and D) always had the highest yield strength and strain
hardening modulus regardless of PTFE content. PTFE/Al/MnO,
(type B and E) exhibited the lowest yield strength and strain
hardening modulus, but the highest compressive strength and
toughness (the area under the stress-strain curve), indicating
that it could absorb the most energy during compression. With
the increase of PTFE content, the strength of three types of
fluorine-containing thermite improved. This is because PTFE
matrix was the main stress component of specimens in the
compression process. Increasing PTFE content could make Al
and oxide particles more uniformly distributed in the PTFE
matrix. The bonding between the matrix and the reinforcing
particles was closer, bringing about the strength of specimens
enhanced accordingly.

Under the axial loading of universal testing machine,
violent reaction happened to type A, B and C specimens,
instead, type D, E and F specimens was compressed gradually
and finally failed without reaction. Fig. 5 shows the deforma-
tion process and failure morphology of type D, E and F spec-
imens under quasi-static compression. It can be observed that
the three types of specimens had similar deformation process,
but the final failure morphology were different. For the type D
specimen, not only 45° shear cracks were formed in the
specimen, but also mode I opening cracks were generated
under the function of circumferential tensile stress. For the
type E specimen, during the whole loading process, no obvious
decrease of force value recorded by universal testing machine
was observed. The universal testing machine carried on
loading until reaching the set maximum load 80 kN (the
criterion for universal testing machine to stop loading is that
the load drops by 5% per second). The specimen did not show
macroscopic crack, but was compressed into a round cake with
a thickness of 1-1.5 mm, indicating that type E specimen had
excellent ductility. It can be also confirmed from its mechan-
ical curve that its failure strain reached 2.07. For the type F
specimen, there was no distinct circumferential opening crack
during the loading process, only 45° shear cracks appeared.
Different from the type D and type E specimens, the failure
surface of type F specimen exhibited very rough and slightly
warped after the loading.

RSC Adv, 2020, 10, 5533-5539 | 5535
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Table 2 Mechanical properties of experimental specimens under quasi-static compression
Compressive Toughness/MJ
Type Yield strength/MPa Hardening modulus/MPa strength/MPa Failure strain m~?
A 23.53 45.34 80.93 1.33 67.42
B 16.86 36.69 92.95 2.05 96.80
C 17.42 40.89 75.91 1.46 62.79
D 22.67 35.15 68.00 1.35 58.04
E 18.93 32.64 84.69 2.07 94.61
F 19.81 34.63 64.39 1.36 53.19

Yield StressMPa
Hardening Modulus/MPa

PTFE(60 vol%) PTFE(80 vol%) PTFE(60 vol%) PTFE(80 vol%)

Compressive Strength/MPa
Toughness/MJ/m®

PTFE(60 vol%) PTFE(80 vol%) PTFE(60 vol%) PTFE(80 vol%)

Fig. 4 Comparison of mechanical properties parameters of six types
of fluorine-containing thermite.

(a) (b)
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Fig.5 Comparison of deformation process and failure morphology of
type D, E and F specimens under quasi-static compression: (a) type D;
(b) type E; (c) type F; (d) failure morphology.

3.2 Fractography analysis

Before the tests, the initial microstructures of type D, E and F
specimens were characterized by SEM, as shown in Fig. 6. It can
be found that Al, Fe,O3;, MnO, and MoO; are uniformly
distributed in PTFE matrix, indicating that initial powders were
homogeneously mixed through the preparation process out-
lined in the paper.

In order to explore the relationship between failure mode
and microstructure of materials, SEM analysis was carried out
on the hoop sections and compression failure surfaces of type

5536 | RSC Adv, 2020, 10, 5533-5539

D, E and F specimens after compression, as shown in Fig. 7 and
8 respectively. For the convenience of observation and
comparison, the internal microstructures of three specimens at
different magnifications were photographed by SEM. For the
type D specimen, there were obvious opening cracks in the
circumferential direction, and fractures were uneven. As can be
seen from the crack section (Fig. 7d), under the effect of hoop
tensile stress, Al and Fe,O; particles were pulled out of the PTFE
matrix and covered on the crack surface loosely. No orientation
was found in the formed PTFE fibers, or PTFE fibers have been
torn after forming orientation. For the type E specimen
although no macroscopic cracks were observed on the specimen
failure surface, the SEM image shows that there were still many
tiny cracks on the circumferential surface. Obviously oriented
PTFE fibers can be seen when cracks were observed at a larger
magnification (Fig. 7e). The formation of these fibers could
consume part of the energy absorbed when specimens were
compressed, besides, the oriented fibers were capable of
transferring the applied load and hindering the further crack
extension. Therefore, the type E specimen had better ductility,
and no macro-cracks were formed in its circumferential direc-
tion under the action of oriented PTFE filaments. For the type F
specimen, it can be found from its SEM image that the surface
was relatively rough, and the morphology was between that of
type D and type E. A large number of filler particles were pulled
out and covered on the surface, and PTFE fibers were formed at
the same time, but the orientation of PTFE fibers were irregular,
resulting in the ductility of type F specimen inferior to that of
type E specimen.

Fig. 8 shows the microstructures of compression failure
surface of three types of fluorine-containing thermite speci-
mens. The type D specimen had overt orientation along the
radial direction, and the Al and Fe,O; particles were
compressed and deformed; while in the type E specimen,
a small amount of filler particles were extruded, accompanied
by a small amount of PTFE fibers formed, and most of PTFE was

Fig. 6 The initial microstructures of type D, E and F before
compression: (a) type D; (b) type E; (c) type F.

This journal is © The Royal Society of Chemistry 2020
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Fig.7 Microstructures of hoop sections of type D, E and F specimens:
(a) and (d) type D; (b) and (e) type E; (c) and (f) type F.

Fig. 8 Microstructures of compression failure surfaces of type D, E
and F specimens: (a) type D; (b) type E; (c) type F.

compacted and flattened with good integrity. In the type F
specimen, massive Al particles and MoO; were extruded, and
the PTFE fibers formed were disorderly oriented, leading to that
the coating effect on the filler particles was basically lost.

3.3 Reaction phenomenon under quasi-static compression

Type A, B and C specimens experienced a severe exothermic
reaction under quasi-static compression, while no reaction
occurred for type D, E and F specimens. The reaction process of
type A, B and C specimens recorded by high-speed camera are
presented in Fig. 9. As can be seen, the reaction took place on
the edge of the specimen. It extinguished soon after the ignition
and could not be stably propagated in the specimen, for
example, the ignition of type A specimen lasted only about 1.2
ms. As the indenter of the universal testing machine continued
to press down, the specimens would generate multiple igni-
tions, but none of them was capable of motivating the complete

(a) - f
- . oy d

t=50ps t=200ps t=500ps  t=12ms t=10ms t=20ms t=100ms t=200ms

e e e

t=50ps t=200ps t=500ps  t=12ms t=10ms t=20ms t=100ms t=200ms

_v g "

t=50ps t=200ps t=500ps  t=12ms t=10ms t=20ms t=100ms t=200ms

Fig. 9 Reaction phenomena of type A, B and C specimens under
quasi-static compression: (a) type A; (b) type B; (c) type C.
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reaction of the specimens. After the part reaction of the speci-
mens, a black product (carbon black) remained at the crack
notch.

To understand the reaction phenomenon under quasi-static
compression and illuminate the chemical reaction mechanism
of fluorine-containing thermite, the solid residuals after reac-
tion were collected and characterized by X-ray diffraction. The
XRD pattern of type A, B and C specimens before and after
quasi-static compression are shown in Fig. 10. The results
bespeaks that in addition to the original materials components,
AlF; was also found in the solid residuals after reaction for type
A and C specimens. It can be inferred that Al reacted with PTFE,
as shown in reaction eqn (2):

4A1 + 3(-CoF4-) — 4AIF; + 6C 2)

Although there was explosion reaction, the reaction did not
turn to combustion. The reaction process was very short and
could not maintain self-sustained. No suboxide or corre-
sponding metal element was generated in the solid residuals,
which means that the aluminothermal reaction between Fe,O3,
MoO; and Al was not triggered. In the fluorine-containing
thermite reactive materials system, when the content of oxide
was high, the reaction cannot occur in the case of quasi-static
compression arising from the change of reaction pathway.
When the amount of oxide was low, oxide was dispersed in the

(a)

A PTFE
.« Al

= Fe,0,

Intensity(a.u)
Intensity (a.u)

L e

15 30 45 60 75 %
26(degrees)

A PTFE

= MnO,

Intensity(a.u)
Intensity(a.u)

Intensity(a.u)
Intensity(a.u)

s ) P w 7 R S T S TR
26(degrees) 26(degrees)

Fig. 10 The XRD pattern of type A, B and C specimens: (a) type A

specimen before compression; (b) type A specimen after compres-

sion; (c) type B specimen before compression; (d) type B specimen

after compression; (e) type C specimen before compression; (f) type C

specimen after compression.
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matrix and the contact between the oxide and Al was not suffi-
cient, causing the specimen extinguished soon after ignition.
The thermal conductivity of the PTFE matrix is poor. Before the
heat generated by the reaction between Al and PTFE was
transferred to the surrounding reactants, the heat has been
dissipated. Besides, the activation energy of the reaction
between Al and oxide is higher, the energy input by quasi-static
compression was not enough to excite the reaction between Al
and Fe,O; or MoO;.

Different from the type A and type C specimens, it can be
found that Mn and MnF, were formed in the products of type B
specimen. The thermite reaction between Al and MnO, was
induced. Because type B specimen possessed excellent ductility
and absorbed the most energy during compression, the energy
could stimulate the thermite reaction as well as the reaction of
Al and PTFE. Zhang et al.” investigated the thermal decompo-
sition and thermal reaction process of PTFE/Al/MnO, fluori-
nated thermite. Experimental results indicate that PTFE
behaved as both oxidizer and reducer in PTFE/Al/MnO, fluori-
nated thermite. MnO, could react with PTFE at about 600 °C,
which was close to the reaction temperature of Al and PTFE.
Therefore, apart from eqn (2), the chemical reaction mecha-
nism of type B specimen shall also include the following
processes:

4Al + 3MnO, — 3Mn + 2AL,04 3)

2Mn02 + (7C2F47) i 2M1’1F2 + 2C02(g) (4)

4 Conclusions

In this paper, PTFE/Al/Fe,0;, PTFE/Al/MnO, and PTFE/Al/
MoOs3;, solid fluorine-containing thermite with different PTFE
content, were successfully fabricated by referring to the tradi-
tional thermite and adding PTFE as a binder or matrix. Quasi-
static compression tests were performed to investigate the
mechanical and reactive behavior of fluorine-containing ther-
mite. SEM and XRD were employed to analyze and characterize
the energetic composites and reaction residuals. The conclu-
sions can be drawn as follows:

(1) Under quasi-static compression, six types of fluorine-
containing thermite took on different mechanical behavior.
PTFE/Al/MnO, exhibited the lowest yield strength and strain
hardening modulus, but the highest compressive strength and
toughness. With the increase of PTFE content, the strength of
fluorine-containing thermite improved.

(2) The formation of PTFE fibers could consume part of the
energy absorbed during compression and hinder the further
crack extension. Ranking according to the function of PTFE
fibers in the compression process, the descending order is
PTFE/Al/MnO,, PTFE/Al/MoO; and PTFE/Al/Fe,0;.

(3) No reaction occurred when PTFE content was 60 vol%,
while fluorine-containing thermite with PTFE content of
80 vol% experienced a severe exothermic reaction under quasi-
static compression. The ignition of PTFE/Al/MoO; and PTFE/Al/

5538 | RSC Adv, 2020, 10, 5533-5539
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Fe,0; actually attributed to the reaction of Al and PTFE, and the
reaction between Al and Fe,O; or MoO; was not excited duo to
the insufficient input energy. The thermite reaction between Al
and MnO, as well as the reaction of MnO, and PTFE were
induced because PTFE/AI/MnO, possessed excellent ductility
and absorbed the most energy during compression, accompa-
nied with the productions of Mn and MnF,.
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