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Abstract: The ideal situation of assembling an energetic
nanoparticles-polymer matrix is obtaining materials with
high particle loading while still maintaining mechanical in-
tegrity. In this paper, we introduced a direct deposition ap-
proach to create a reactive polymer fiber reinforced compo-
site with aluminum (AI-NPs) and copper oxide nanoparticles
(CuO-NPs) in a polyvinylidene fluoride (PVDF) reactive bind-
er. Even with up to 70 wt% thermite, these films still main-
tain a uniform morphology and considerable flexibility. With
the same overall material composition, both the reactive
and mechanical properties of fiber reinforced films shown
marked improvement over the corresponding non-nano-

fiber films. The combustion propagation velocity of fiber re-
inforced films is up to 1.8 times faster than the correspond-
ing non-nanofiber films. For the mechanical properties, the
films with 110 nm diameter fibers were 2.3, 23 and 5.8
times superior in tensile strength, strain and toughness re-
spectively, as compared to films with the same mass load-
ing but with no fibers. The results suggest deploying a fiber
reinforced structure enables fabrication of nanocomposite
with high loadings of energetic materials. These result im-
ply that a 3-D printing approach may demonstrate sig-
nificant advantages in developing advanced propulsion sys-
tems.
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1 Introduction

Nanothermite, a class of highly reactive energetic material,
usually consists of two components: a fuel — nanometer
scale metal particles e.g. Al, Mg, Si and B; an oxidizer -
nanoscale metal oxide like CuO, Fe,O,. Thermite reactions
are self-sustaining, deliver higher energy density and higher
adiabatic reaction temperatures than CHNO systems [1-4].
The use of nanoscale reactants enables superior combus-
tion performance than the conventional micro counterparts,
due to the decreased diffusion distances and increased in-
terfacial contact. For example, mixtures of Al and MoO,
nanoparticles (average particle sizes ~20-50 nm) were
found to react more than 1000 x faster than a traditional
microthermite [5,6]. Thus far, most studies related to nano-
thermites have focused on the fuel-oxidizer system itself.
However, in some potential applications (e.g. the biocidal
agents [7], cloud-seeding material [8]), the thermite powder
were incorporated with polymer binders (epoxy, nitro-
cellulose, and fluoropolymer [9-14]) to form the nano-
thermite-polymer composites. A large content of thermite is
nominally desirable since it is the dominate energy releas-
ing source, while the polymer binder is employed to give
the composite the necessary mechanical integrity. However,
at high loadings of nanothermite, making a homogeneous
composite is difficult due to processing constraints in mix-
ing constituents.

In part, the formulation of polymer composites with
high mass loading of nanoparticles is virtually impossible
because of the high viscosity of polymer binder and nano-
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meter-scale fuel/oxidizer mixture [15,16]. As our previous
work reported, polymer nanocomposite with small amounts
of nanostructured material usually demonstrate better me-
chanical integrity than the pure polymer, however, higher
loadings of nanomaterial result in heavy aggregation [17-
19]. The aggregation of fuel/oxidizer nanoparticles even-
tually leads to the degradation of the composite for both its
reactive and mechanical properties [20].

Deploying a fiber reinforced structure can significantly
enhance the mechanical strength of the composite, which
can be realized by embedding high-strength fibers, such as
aramid, glass and carbon [21] into a polymer matrix. In this
manner, the particle loading - mechanical strength di-
lemma may be solved within such a structure.

In this work an energetic nanofiber reinforced compo-
site was employed to improve both the reactive and me-
chanical properties of the nanothermite-polymer compo-
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site. AI-NPs/CuO-NPs nanothermite was chosen as the fuel/
oxidizer solids to be studied. We choose a fluorine contain-
ing polymer (polyvinylidene fluoride, PVDF) as a reactive
binder due to its strong oxidation nature.

We employed a combined electrospinning and electro-
spray method to fabricate the energetic fiber reinforced
composite. Electrospinning and electrospray are closely re-
lated methods that have been shown as effective methods
to produce composite nanofibers and thin films [22-24]. In
both cases, high electric fields are employed to produce a
charged liquid jet emanating from a Taylor cone. In electro-
spray, the electrostatic force is greater than the molecular
cohesive force of the liquid (i.e. surface tension), leading to
jet breakup to form charged droplets. In electrospinning, jet
breakup does not occur due to high loadings of polymer, so
that a continuous fiber can be extruded [25, 26].

Both methods offer considerable control through proc-
ess parameters. Parameters like solution surface tension,
electrical conductivity and flow rate, can be used to control
drop size which typically is monomial due to coulombically
driven droplet fissions [27-31]. Most importantly, the poly-
mer solution used may contain a dispersion of nano-
particles, which remain within the droplets as the precursor
jet undergoes break up. The solvent in the fine charged
droplets rapidly evaporate as they are extracted and accel-
erated by the extracting electric field, leaving concentrated
nanoparticles and polymer, which were finally collected
onto a substrate to create a uniform, high nanoparticle
loading polymer composite. Fibers drawn from electro-
spinning act in a similar way with fiber diameter controlled
by the solution surface tension and electrical conductivity.
To create a fiber reinforced films we build on our prior work
in the use of electrospray deposition as a simple technique
to produce laminate high nanoparticle loadings nano-com-
posites [32]. The fiber reinforced films are composed of Al/
CuO nanothermites, which is the most commonly used
combination, incorporated with a PVDF reactive binder,
with PVDF nanofibers embedded within. These results show
that nanofiber reinforced structure can significantly en-
hance both the reactive and mechanical properties of the
energetic nanocomposite.

2 Materials and Methods
2.1 Materials

AI-NPs, (average particle size: 50 nm, purity: 70 wt % [32,36])
were purchased from Argonide Corporation, CuO-NPs (pu-
rity: 99.8 wt%, average particle size: 30 nm), Ammonium
perchlorate (AP) (purity: 99.8 wt %), PVDF (Molecular weight:
534,000) and Dimethylformamide (DMF) (purity: 99.8 wt %)
were purchased from Sigma—Aldrich.
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2.2 Precursor Preparation

A PVDF (10.4 wt %)-DMF (32.4 wt%)-acetone (57.2 wt%) sol-
ution was used as the precursor for the PVDF nanofiber.
And the precursor for forming the Al-NPs/CuO-NPs thermite
matrix included 4.3 wt% of PVDF dissolved in 81.9 wt%
DMF, to which 7.7 wt% of CuO-NPs and 6.2 wt% of Al-NPs
was added into the PVDF-DMF solution. In addition,
0.12 wt% of AP was added to increase the electrical con-
ductivity of the mixture, so that a dense film could be de-
posited by the stabilized spray [32]. Thirty minutes of mag-
netic stirring of the mixture was used to disperse the
nanoparticles, followed by one hour of ultrasonication. Fi-
nally the suspension was magnetically stirred for another 24
hours at room temperature.

2.3 Electrospray and Electrospinning Deposition

As demonstrated in Figure 1, both electrospinning and elec-
trospraying were employed in fabricating PVDF nanofiber
and the thermite matrix, respectively. A home-made two-
needle spray setup was employed to create the film. Pre-
cursors for nanofiber and matrix were separately pumped
through two stainless steel tubes (0.023 mm inner diame-
ter) and sprayed toward a rotating collector with ground
potential, enabling the embedding of nanofiber within the
matrix. The needle tip for electrospinning was placed 10 cm
away from the collector while the electrospray needle was
placed 6 cm away. The same working voltage of 18 kV was
applied to both needles. In the experiment, fine droplets
from electrospray were collected wet to form the matrix
and nanofibers from electrospinning were collected dry as
reinforcement. Flow rates of 0.5-1.5 mlh™' were applied in
the electrospinning process to obtain fibers with an average
diameter of 110 to 230 nm. The flow rate for the electro-
spray process was adjusted accordingly to vary the matrix
mass loading of the film. After the electrospinning/electro-
spray process, the prepared film was carefully peeled off.

Cone-Jet

High I'|+

+ voltage |

Needle tip Cone-Jet Needle tip

High
voltage ‘

\ PVDF solution
Al nanoparticles

CuO nanoparticles

—

PVDF solution \
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Figure 1. Electrospray/electrospinning deposition process for fab-
ricating PVDF nanofiber reinforced films.
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2.4 Characterization

We chose combustion propagation velocity as a suitable
metric to evaluate reactive behavior using a homemade
combustion test setup. The detailed procedure could be
found in our previous work (Support information Figure S1)
[32,36].

The morphologies and thickness of the fiber-reinforced
films were characterized by scanning electron microscopy
(SEM, Hitachi, SU-70 FEG-SEM). The sample preparation
process could also be found in the previous work [36].

We used a home-made micro-tensile tester [33,36]. to
study the mechanical properties of the films. Each film was
tested three times using strip specimens (2.5 cm x 0.5 cm)
for an accurate result. The initial thickness and width were
respectively obtained by SEM and a digital caliper before
each test. The parameter of the micro-tensile tester was
same as the some of our previous work [36], with more de-
tails provided in the supplement material.

3 Results and Discussion
3.1 Morphology Characteristics
SEM images of the as prepared fibers and films are shown

in Figure 2. The standalone AI-NPs/CuO-NPs/PVDF thermite
film (The matrix, Figure 2a) shows a dense, crack-free con-

o
I‘ =287 ) !‘
y = \”\ Matrix only film "5
€Y Lo o )
/ \ -

Thermite matrix PVDF Nanofiber

Figure 2. Cross-sectioned SEM images (a) and (b) of AI-NPs/CuO-
NPs/PVDF thermite matrix only film; (c) and (d) fracture section of
the fiber reinforced film (21.1 wt% PVDF nanofiber, average fiber di-
ameter 110 nm). (e) An illustration of the fiber reinforced film.
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stant thickness nanoparticle-polymer film. From the high
magnification image (Figure 2b), we see that the nano-
particles were evenly distributed among and connected by
the PVDF polymer network, indicating a successful fab-
rication of high nanoparticle loading polymer composite.
Figure 2c is the fracture section of the fiber reinforced film
which contains 21.1% PVDF nanofiber (40 wt% total PVDF,
average fiber diameter 110 nm). Smooth nanofibers were
heavily packed and protruded out from the fracture section
of the thermite film, indicating that those fibers were suc-
cessfully embedded within the thermite matrix (Figure 2d
and e).

3.2 Reactive Properties

Films containing different mass loading of PVDF nanofibers
but with the same average fiber diameter were prepared to
investigate the reactive properties of the fiber reinforced
films. All samples were cut to 2.5 x 0.5 cm strips, and ignited
by a hot Ni—Cr wire under ambient argon within a Plexiglas
enclosure. The burning rate was measured parallel to the
rotation direction of the collector (parallel to the reinforced
fiber). Thus in principle at least the fiber can act as a ther-
mal conductor in the direction of propagation. The combus-
tion process were recorded by a high speed camera for fur-
ther analysis. In addition to the PVDF that already resides in
the matrix, 0 to 21.1 wt% of PVDF nanofiber was added
into the AI/CuO/PVDF thermite matrix (24 wt% PVDF,
33 wt% AI-NPs, and 43 wt% CuO-NPs), resulting in a fiber
reinforced film with a total PVDF mass ratio of between 24
to 40 wt%. In all cases, the embedded nanofibers have the
same average diameter of ~110 nm.

In our earlier work we proposed the following global re-
actions [32,36]:

2nAl + 3(—CH, — CF,—), — 3nH, + 2nAlIF; + 6nC (M
2Al + 3CuO — Al,0; + 3Cu (2)

In all experiments, the PVDF/AI/CuO molar ratio of the
thermite matrix was fixed at 0.5/1.1/0.7. According to equa-
tion (1) and (2), the complete reaction requires a PVDF/Al/
CuO molar ratio of 1.0/1.1/0.7, indicating a fuel-rich compo-
sition for the matrix formula [36]. For each fiber reinforced
film, a film without PVDF nanofiber but with same total ma-
terial composition was also prepared for comparison. The
total PVDF mass ratio, the stoichiometry of the whole film,
matrix mass ratio and PVDF nanofiber mass ratio of as-pre-
pared fiber reinforced and non-nanofiber films are listed in
Table 1.

Both the fiber reinforced and non-nanofiber films could
be easily ignited by the hot Ni—Cr wire under argon, show-
ing a stable and complete propagating combustion proc-
ess. The average combustion velocity are shown in Figure 3.
It should be noted that the left most (No fiber) data point is
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Table 1. Properties of fabricated films:

Total PVDFIa] (in- Molar Matrix  PVDF
cluding fiber) Ratio® mass Nanofiber
[wt %] PVDF/Al/ [wt%] [wt%]
CuO
Fiber re- 30 0.67/1.1/ 91.1 8.9
inforced film 0.7
35 0.84/1.1/ 855 14.5
0.7
40 1.04/1.1/ 78.9 21.1
0.7
PVDF mass ratio Molar
[wt %] Ratio®
PVDF/Al/
CuO
Non-nano- 24 0.5/1.1/
fiber film 0.7
30 0.67/1.1/
0.7
35 0.84/1.1/
0.7
40 1.04/1.1/
0.7

[a] Assuming PVDF unit formula is C,H,F,

21.1 wt% fiber

il
N
N

—a==Non-nanofiber film
o= Fiber reinforced Film
(Diameter 110nm)

s
o
2

14.5 wt% fiber

8.9 wt% fiber

(0]
2

No fiber

(@)
2

Propagation velocity (cm s'1)

Total PVDF mass (%)

Figure 3. Average propagation velocity of fiber reinforced and sin-
gle layer thermite film as a function of PVDF mass (including PVDF
in fibers), when the PVDF nanofiber diameter is fixed at 110 nm.
Particle concentration in matrix is fixed in all fiber reinforced films.

the film with 24 wt% PVDF, is a nanofiber free film (thermite
matrix). The propagation velocity vs PVDF mass ratio curves
of both kinds of films have the similar basic trend. For both
the fiber reinforced and corresponding non-nanofiber films,
increasing PVDF mass ratio leads to a faster burn rate. Films
with 40 wt% PVDF shows the fastest burning rate in argon.
The result is reasonable since the overall material composi-
tion of the film is approaching stoichiometry (Table 1) as we
are increasing the total PVDF mass ratio. Meanwhile, even
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though the overall material composition was exactly the same
in both types of films, the fiber reinforced films still demon-
strate a higher combustion velocity in argon.

In our case, the porosity of the fiber reinforced films and
the corresponding non-nanofiber films show no obvious
difference (the porosity of both films were between 33-
38%), support information Figure S2). This indicates that
the porosity of the film has little influence on the reactive
property difference.

It is widely accepted that the intimacy between fuel and
oxidizer is an important factor that influence the combus-
tion performance of energetic composite materials.**** It is
easy to conceptualize that the inter-particle distance in the
non-nanofiber film is larger than that of fiber reinforced
films for the same total PVDF loading (Support information,
Figure S3). By adding PVDF nanofiber instead of mixing
PVDF homogeneously, we can vary the overall equivalence
ratio while maintaining the same inter-particle distance.
Thus in the case shown in Figure 3, increasing fiber content
increased burn rate but had the same effective interparticle
spacing. Comparing the fiber reinforced vs the nonfiber re-
inforced case at the same PVDF loading, one can see that
the absence of fibers leads to increased particle spacing.

The reactive properties of fiber reinforced films, employ-
ing the same mass ratio of nanofibers, but with different
average diameter were also investigated. PVDF nanofibers
with average diameter of ~110 nm, 190 nm, and 240 nm
were deposited into the matrix (24 wt% PVDF, 33 wt% Al-
NPs and 43 wt% CuO-NPs, respectively). The mass ratio of
PVDF nanofiber and total PVDF in all samples were fixed at
21.1% and 40 wt%, respectively. Figure 4 shows a mono-
tonic decrease in propagation velocity with increasing fiber
diameter. The result seems reasonable because the fiber
with smaller diameter also has the larger specific surface
area. For the same mass of PVDF, the 110 nm fibers have a

—21.1 wt% PVDF fiber

10-

~
(R~

64
100 120 140 160 180 200 220 240
Average PVDF Fiber diameter (nm)

Figure 4. Effect of fiber diameter on combustion propagation veloc-
ity. Films contained the PVDF nanofiber loading but different aver-
age fiber diameter.
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2.1 x larger surface area than 230 nm case, which indicates
that a more intimate interfacial contact was achieved be-
tween the PVDF nanofiber and matrix. In all cases, faster
burning was observed in the films with thinner PVDF fibers.

3.3 Mechanical Performance

One of the major challenges in high particle loading poly-
mer composites is maintaining mechanical integrity. To eval-
uate the potential advantages of nanofiber reinforced com-
posites, two groups of films were prepared.

Group 1: Fiber reinforced films with differing mass load-
ing of PVDF nanofiber, but with the same average fiber di-
ameter (110 nm). Evaluate effect of fiber loading (Same as
the fiber reinforced films presented in Table 1).

Group 2: Fiber reinforced films with 40 wt% total PVDF
(21.1 wt% PVDF nanofiber) but different average fiber di-
ameter. Films without fibers contained 40 wt% total PVDF
(Same as the non-nanofiber films presented in Table 1).

Figure 5 shows the stress-strain behavior of samples
from group 1 (i.e. effect of fiber loading), and demonstrates
that the films with higher loadings of PVDF nanofibers
show better mechanical performance. As the nanofiber
mass fraction increased from 0 to 21.1 wt%, the tensile
strength (Figure 5a), strain (Figure 5b) and toughness (Fig-
ure 5¢) showed a 130%, 520% and 1430% improvement.

a) b 15 —Stress
12k =0 wt% PVDF Fiber g .
=
3
6p £ o
- ’
6
0
12 8.9 wt% PVDF Fiber 5 10 15 20
g PVDF Fiber mass (%)
© L 0.04. Strain
§° c)
=3 0.03
? . £ 0.02
Z o
212
n 0.01
6 ——14.5 wt% PVDF Fiber
X
5 10 15 20
PVDF Fiber mass (%)
0 0.
d ) = — Toughness
12p i
21.1 wt% PVDF Fiber 2™
sr £ 02
£
0 - : : -
0.00 0.01 0.02 0.03 0.04 -
Strain 5 10 15 20

PVDF Fiber mass (%)

Figure 5. Group 1; Effect of Fiber Mass Loading: Stress—strain curves
(a), tensile stress (b), strain (c) and toughness (d) as a function of
total PVDF mass (group 1): Fiber reinforced films with different
amount of PVDF nanofiber but same average fiber diameter All
samples have the same average fiber diameter (110 nm).

The effect of fiber diameter (group 2) was evaluated by
holding the total PVDF loading at 40 wt%. From Figure 6 it is
quite clear that thinner fibers lead to better mechanical per-
formance. Films with 110 nm diameter fibers were 1.6, 1.8 and
2.9 times better in tensile strength (Figure 6a), strain (Fig-
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Figure 6. Group 2; Effect of Fiber Diameter: Stress—strain curves (a),
tensile stress (b), strain (c) and toughness (d) as a function of total
PVDF mass (group 2): Fiber reinforced films with same amount of
PVDF nanofiber but different average fiber diameter. : Fiber re-
inforced films with 40 wt% total PVDF (21.1 wt% PVDF nanofiber).

ure 6b) and toughness (Figure 6c) respectively as compared
to films with the same mass loading but with 230 nm diame-
ter fibers. Moreover, all films with nanofiber show better me-
chanical performance as compared to films with the same
mass loading but with no fibers. The biggest enhancements
were for the smallest fibers; 110 nm diameter fibers; where
the tensile strength, strain and toughness were 2.3, 2.3 and
5.8 times better as compared to their non-fibers counterparts.
The result clearly shows that higher particle loading can be
achieved in a fiber reinforced nanocomposite as compared to
the same non-fiber counterpart, and offers an opportunity to
achieve very high particle loadings.

Our previous work shows that pure PVDF (tensile
strength: 18 MPa, strain 110%, toughness: 19 MJm™3) has su-
perior mechanical performance than the matrix film [32],
which can act as a reinforcement for the thermite layer matrix
when fabricated in a laminate form [36]. Here, part of the
load applied on the weak matrix can be transferred onto the
strong nanofiber reinforcement through the interface be-
tween them. More PVDF nanofiber (reinforcement) with the
same average diameter means more load can be transferred
from the matrix to the reinforcement. As for films with the
same amount of PVDF nanofiber but different fiber diameter,
films with thinner fibers have a larger interfacial area between
the reinforcement and the matrix which leads to a more ef-
fective load transfer at constant fiber loading.

4 Conclusions
We demonstrated a direct deposition process to success-

fully fabricate PVDF nanofiber reinforced nanothermite pol-
ymer films. Experimental results show that nanofiber re-
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inforced structures improved the reaction properties, which
correlated with decreasing fiber diameter. Fiber reinforced
films also show considerably better mechanical integrity,
and indicate that the particle loadings (up to 70 wt% nano-
particles)-mechanical strength dilemma can be solved by
deploying this structure. The general structure offers an op-
portunity to introduce high nanoparticle loadings propel-
lant grain with high mechanical integrity.
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