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Abstract: Metastable intermolecular composites (MICs) based on Al/PVDF have become one of
the most important materials in the field of additive manufacturing of energetic materials due to
their high energy density and designability. In this work, the energy utilization efficiency and
energy release performance of directly written Al/PVDF composites were regulated by introducing
ammonium perchlorate (AP) and potassium perchlorate (KP) as gas generators and oxidants. The
effect of AP/KP on the combustion performance of MICs systems has been studied in depth. It was
found that the addition of AP/KP can increase the combustion temperature and flame duration
of the Al/PVDF system. Moreover, the flame propagation rate of the Al/PVDF system decreases
as AP/KP addition increases. Therefore, the strategy of introducing AP/KP into directly written
Al/PVDF composites can effectively control the energy performance of this energetic system, thereby
promoting its practical application in propellants, heterogeneous explosives and gas generators.

Keywords: metastable intermolecular composite; n-Al/PVDF; perchlorate; direct ink writing;
combustion properties

1. Introduction

Energetic materials are substances that can undergo redox reactions and release a large
amount of energy under certain external stimuli. Examples include explosives, propellants
and pyrotechnic agents [1]. These materials are all compounds or mixtures containing
explosive groups or containing oxidants and combustibles, which can independently carry
out chemical reactions and release energy [2]. Nanothermites, also known as metastable
interstitial composites, are composed of a nanoscale oxidizing agent and a nanoscale
reducing agent [3]. Nanothermites are the future development trend. Compared with a
traditional thermite, the specific surface area of nanothermite components is significantly
increased, and the oxidizing agent and reducing agent are in close contact, which enhances
the reactivity of the entire energetic system, causing the rate of energy release to increase
rapidly [4]. The excellent properties of nanothermites make them very promising in the
field of ignition and detonation, and they have become a hot spot in the field of energetic
materials research [5].

Currently, aluminum is the most widely studied metal fuel in metastable interstitial
composites because of its high energy density and easy availability [6]. However, during
the oxidation process, aluminum and its oxides tend to condense to form larger aggregates,
resulting in the loss of two-phase flow, thus limiting the energy release of the system [7,8].
In addition, the nanoscale thermite composition also has low electrostatic safety issues,
which limit its development in applications [9]. In recent years, it has been considered that
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fluorine can effectively react with aluminum to effectively alleviate the above-mentioned
disadvantages [6,10].

Compared with the traditional Al-O reaction in Al-based energetic systems, the Al-F
reaction has unique advantages, which have attracted the interest of a large number of
researchers [11–13]. On the one hand, because fluorine has a higher electronegativity than
oxygen, fluorochemicals can undergo a pre-ignition reaction with the alumina shell before
the ignition temperature [14], improving the energy efficiency utilization of the system and
promoting the release of aluminum energy. On the other hand, the heat of formation of the
Al-F reaction is equivalent to that of the Al-O reaction (the heat of formation of Al2O3 is
55.67 kJ/g, and the heat of formation of AlF3 is 30.96 kJ/g) [15].

Therefore, researchers have shown much interest in the metal/fluoride composition of
energy systems with favorable energy properties. Mg/PTFE/Viton (MTV) compositions
are widely used in research related to infrared decoys due to their excellent infrared
radiation ability during combustion [16,17]. Al/PTFE compositions have high energy-
release capabilities under dynamic loads [18,19]. Al/THV is considered to be a good
propellant additive [20]. As for the Al/PVDF composition, due to its integrated good
reactivity and flexible processability capabilities, it has a wide range of application prospects
and has attracted extensive interest from researchers [21].

The Al/PVDF composite has a higher energy density (947.7 kJ compared to 600 kJ per
mol for Al) than conventional Al/CuO [21]. PVDF releases HF during the reaction with
Al, while fluorination of the inert Al2O3 shell releases energy components and exposes
fresh Al [15]. Moreover, the good mechanical and film-forming properties of PVDF enable
Al/PVDF to have the characteristics of flexible processing [22]. Compared with traditional
powder-shaped energetic materials, the Al/PVDF system has better integration and can
be applied in advanced manufacturing. For traditional powdery energetic materials, the
processing is often cumbersome and difficult, and sometimes accompanied by potential
safety hazards [9]. Currently in the field of energetic materials, miniaturization of pyrotech-
nic devices, precise charging, flexible charging and intelligent charging are required [23].
However, in many application scenarios, powdery energetic materials have disadvantages
in terms of design capability and integration [24]. Therefore, researchers have attempted
to prepare reactive-based thin films using electrodeposition or magnetron sputtering tech-
niques [25,26]. Alternatively, energetic inks have been formulated by adding a binder to a
powdered thermite [27]. Based on these ideas, the researchers explored various processes
for forming shapes from energetic material powders. Due to the advantages of simple man-
ufacturing process, rapidity and low cost, direct ink writing technology can be combined
with 3D printing technology to realize the integration of reactive materials in complex
three-dimensional structures [23,28,29]. In addition, it enables precise charging of energetic
materials. The energy-release properties of reactive materials formed by direct writing
can also be altered by printing thickness [15]. Therefore, the Al/PVDF system based on
direct ink writing is compatible with advanced manufacturing and has attracted extensive
attention from researchers.

In recent decades, a variety of Al/PVDF-based composites have been developed using
various methods, such as microfluidic synthesis [21], direct ink writing [15], inkjet print-
ing [30], electrospray deposition [31,32], electrospinning [33], ice template [14] and modified
microemulsion synthesis [34]. Most of the research focuses on the functionalization of
Al/PVDF materials by various means to expand their application potential.

However, for the combustion reaction between PVDF and Al, the product contains H2
and a large amount of carbon, which causes the energy generated by the system reaction
to not be fully utilized [21]. To resolve to this problem, adding mixed oxidants into the
Al/PVDF system has become a feasible path. As part of the research related to the addition
of oxidants to Al/PVDF, Zachariah [35] has studied the performance changes when metal
oxides are added to the Al/PVDF system. In the studies in Zachariah and the report on
those studies, it is shown that the introduction of additional oxidizers can slow down the
reaction rate of the Al/PVDF system and increase its temperature during the combustion



Fire 2023, 6, 106 3 of 14

process. The introduction of additional oxidants is an effective way to adjust the output
energy of the Al/PVDF system.

In the field of energetic materials research, perchlorate has been proven to be an
oxidant that can effectively increase the surface temperature of nanoparticles in the reaction
system, thereby improving its combustion effect. Therefore, this work attempts to add
oxidants AP and KP to the Al/PVDF system at the stoichiometric ratio Φ = 1. AP and KP are
used as gas generators and oxidants to improve the energy output efficiency of the system.
High-speed photography and a spectrophotometer are utilized to study the reactivity
characteristics of the Al/PVDF system after adding AP and KP, and more importantly, the
change in combustion temperature and its mechanism.

2. Materials and Methods
2.1. Materials

Al nanopowder (Al NPs, with an average particle size of 70 nm) was purchased from
Shanghai BAK New Material Technology Co., Ltd (Shanghai, China). By calcining the Al
NPs in air, the active Al content was calculated to be about 72%, as shown in Table 1. PVDF
(Mw of 250,000–500,000) was purchased from Shanghai McLean Biochemical Technology
Co., Ltd. (Shanghai, China). Anhydrous ethanol and N,N-dimethylformamide (DMF,
99.8%), Ammonium perchlorate (AP) and potassium perchlorate (KP) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Table 1. Results of activity measurement of Al NPs.

Serial Before Calcination
(mg)

After Calcination
(mg)

Active Aluminum
Content (%)

1 240 392 71.3
2 245 403 72.5
3 240 393 71.7
4 243 401 73.1
5 241 397 72.8

2.2. Preparation of Energetic Inks

In the process of preparing the high-energy ink, PVDF was first added to DMF and
magnetically stirred for 12 h to form a uniform transparent solution. Next, the Al NPs and
the AP or KP were put into the PVDF/DMF solution for 30 min and then stirred for 10 h to
ensure their uniform dispersal in the solution. The chemical composition of each prepared
mixture is listed in Table 2.

Table 2. Chemical composition.

Formulation Al NPs (mg) PVDF (mg) AP (mg) KP (mg) DMF (mL)

AP 214 500 0 0 5
APA-3 214 479 21 0 5
APA-6 214 458 42 0 5
APA-9 214 437 63 0 5
APK-3 214 479 0 21 5
APK-6 214 458 0 42 5
APK-9 214 437 0 63 5

Then, the prepared inks were written using a pneumatic injector (Figure 1). The feed
rate was ~5 mL/h and the needle size was ~0.8 mm. The stage bonded to the substrate
was heated to ~80 ◦C prior to printing to allow the solvent to evaporate before printing
subsequent layers.
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Figure 1. Schematic illustration of the direct writing method with energetic inks using a
pneumatic injector.

2.3. Characterization and Performance Test

The morphologies of the samples were characterized by field-emission scanning
electron microscope (SEM, FEI, Quanta 250F). The elemental analysis of was performed
by energy dispersive spectrometry (EDS). The flame propagation process under open
conditions was studied using a high-speed camera (Phontron FASTCAM Mini UX100).
On a glass substrate, the inks were printed in stripes with a length of about 50 mm and a
line width of about 3.5 mm. The ignition behavior of energetic inks was studied using a
Nichrome wire ignition device. The resistance of the nickel-chromium bridge wire igniter
used in this study was 0.7~0.9Ω. The sample mass of the igniter was 50 ± 1.3 mg. When
the nickel-chromium bridge wire igniter was used to test the ink burning, the external
stimulation energy was provided by 20 V and 10A DC power supply. The emission
spectrum information of the flame was measured by a spectrophotometer (Beijing Normal
University Instrument Factory).

3. Results
3.1. Morphology

Figure 2 shows the SEM images of the original n-Al/PVDF system and the n-Al/PVDF
system sample surface after adding an oxidant (ammonium perchlorate). As shown
in Figure 2a,c, the surface of the pristine n-Al/PVDF sample is relatively smooth and
dense, no large numbers of wrinkles are observed, and there are many protrusions and
micropores [14,15]. The micropores may be formed by the solvent after evaporation. The
Al NPs inside the sample are embedded in PVDF, and the interface between the two is
relatively tight. Coating polymers to limit oxygen diffusion is considered an effective way
to avoid further oxidation of reactive metals in air [14]. Therefore, the structure of Al NPs
embedded in PVDF matrix is beneficial to the maintenance of the anti-aging ability of the
system. As shown in Figures 2b,d and 3a,b, with the addition of AP and KP, fine wrinkles
began to appear on the sample surface. This is mainly due to the shape change caused by
the crystallization of AP and KP when the solvent evaporates to form the sample. From the
SEM characterization, it can be seen that, on the microscopic scale, the addition of AP and
KP can directly affect the morphology of the APA(K) system through the crystallization pro-
cess. Figure 3c,d show the distribution of Al, C, Cl and F elements in the samples. Among
them, C and F elements represent PVDF, Al elements represent Al NPs and Cl elements
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represent AP. All elements are evenly distributed, indicating that these components are
well dispersed in the sample.
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3.2. Flame Propagation under Open Conditions

Flame propagation velocity is an important parameter of direct ink writing of energetic
materials, reflecting the energy-release rate of the system. To measure the rate of flame
spread of each sample under open conditions, individual strips of the sample (50 mm long
and 3.5 mm wide) were printed and placed on a quartz plate, ignited by a nickel-chromium
wire. Figure 4 shows a typical sequence of snapshots and the average flame-spread rate
of the sample combustion process. Each sample can undergo a self-propagating reaction
in air after being ignited. For the n-Al/PVDF flame in air, the color rapidly changes from
bright white to dark orange as gas products and ejected particles move from the substrate
to the open peripheral area. This is mainly because, for the n-Al/PVDF system, the main
heterogeneous exothermic reaction occurs between n-Al and small fluorine-containing
molecules decomposed by PVDF (such as CFx, CxHyFz and HF) [15,35]. The reaction
product contains a large amount of low-boiling AlF3 (1537 ◦C), rather than the Al oxidation
product Al2O3. Therefore, the radiation characteristics of its flame are different from the
n-Al-based energetic system mainly composed of Al2O3 products.
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Whether AP is added or KP is added, the flame propagation rate of the n-Al/PVDF
system decreases to varying degrees, as shown in Figure 4h. When the AP content in the
system increased to 9%, the flame propagation velocity of the n-Al/PVDF system decreased
from 10.42 ± 0.77 cm·s−1 to 9.33 ± 0.82 cm·s−1, 9.12 ± 0.78 cm·s−1 and 8.80 ± 0.79 cm·s−1.
When the KP content increased to 9%, the flame propagation velocity of the n-Al/PVDF
system decreased from 10.42 ± 0.77 cm·s−1 to 9.92 ± 0.76 cm·s−1, 9.54 ± 0.80 cm·s−1 and
8.86 ± 0.71 cm·s−1. Zachariah et al. found that when metal oxidants were added to the
n-Al/PVDF system, the flame propagation rate of the system decreased significantly [35].
The possible mechanism given in the study is that the Al fluorination reaction is the main
reaction driving the n-Al/PVDF-based flame propagation, and the reaction between the
additional oxidants and Al in the system occurs behind the flame front. This is consistent
with the phenomenon seen in this study: the addition of oxidants slows down the reaction
of the system. Moreover, with the addition of AP/KP, the bright white part of the flame
is greatly increased. This may be because the formation of more Al2O3 in the combustion
products changes the radiative properties of the flame as the oxidant content increases.

3.3. Flame Temperature

Flame emission spectrum analysis is an important method for analyzing the charac-
teristics of the combustion process. The detected typical emission spectrum results are
shown in Figure 5, and all samples exhibit typical blackbody radiation characteristics. The
emission peak at ~760 nm is the atomic emission peak of the K element [36,37]. In the
study of combustion emission characteristics of energetic substances, even if there is no
K element in the system, the emission peak of impurity K atoms is often unavoidably
detected [36,37]. In the n-Al/PVDF system with KP added, the emission peak of K atoms
comes from the decomposition of potassium perchlorate in the combustion process. For the
n-Al/PVDF system with AP added, the emission peak of K atoms also comes from the K
impurity in the system. With the increase in AP/KP content, the emission peak of K atoms
is also enhanced.
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The calculation of the combustion temperature is realized by analyzing the emission
spectrum by using the multi-wavelength pyrometer theory [38]. Following Planck’s law,
Equation (1) gives the thermal radiation emission intensity, where λ is the wavelength, T is
the temperature and ε is the emissivity. c1 and c2 are well known Planck’s constants. For
real object surfaces, the emissivity is not constant.

E(T, λ) = ε· c1

λ5[exp (C2/Tλ)−1]
(1)
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For n-Al-based energetic materials, the temperature is usually calculated by assuming
a functional dependence of the emissivity (ε∼ λ−1 and independent of temperature) during
the calculation, as shown in Equation (2). Equation (3) is obtained by taking the natural
logarithm on both sides of Equation (1). The quantity Z is defined by Equation (4). The
temperature is then determined from the slope, using a plot of Z versus the reciprocal
wavelength, as shown in Figure 6a.

ε(λ) =
c3

λ
(2)

ln
(

ε(λ, T)· c1

λ5 ·[E(T, λ)]−1
)
=

c2

λT
(3)

Z = ln
( c1

λ6 ·[E(T, λ)]−1
)
=

c2

λT
− ln(c3) (4)
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Figure 6b shows the average temperature calculated for each sample. Regardless of
whether AP or KP is added, the flame temperature of the n-Al/PVDF system increases
to varying degrees, as shown in Figure 4h. When the AP content in the system increases
to 9%, the flame temperature of the n-Al/PVDF system increases from 1978 ± 42 K to
2006 ± 54 K, 2093 ± 62 K and 2132 ± 51 K. When the KP content increased to 9%, the flame
propagation velocity of the n-Al/PVDF system increased from 1978 ± 42 K to 2072 ± 51 K,
2183 ± 58 K and 2263 ± 49 K. This is also consistent with the trend in literature [35],
that is, after adding an oxidant to the n-Al/PVDF system, the flame temperature of the
system increases significantly during combustion. This shows that the addition of AP/KP
can effectively increase the temperature of the system flame. This is consistent with the
results in Section 3.2 above: as the AP/KP content increases, the bright white part of the
flame increases, which means that the flame has a higher temperature. This also means
that by adjusting the AP/KP content, the energy output of the n-Al/PVDF system can be
effectively controlled.

3.4. Ignition Performance of Energetic Systems

When the nickel-chromium wire igniter is used to test the ignition performance, the
input energy is provided by a constant current source. Ink samples were printed on Ni-Cr
bridges, about 50 mg per sample. Among the samples investigated here, all the samples
could be successfully ignited by the Ni-Cr wire igniter with a bright flame, as shown in
Figure 7. The nickel-chromium bridge wire on the Ni-Cr igniter melts under the heat of
the current, thereby transferring heat to the energetic system along the nickel-chromium
wire. Similar to the phenomenon seen in Section 3.2, the center part of the flame of the
pure n-Al/PVDF system is bright white, and the edge is dark orange–yellow. As shown in
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Figure 7, the burning flame of AP is orange–yellow as a whole, and the bright white part in
the center is relatively small. Moreover, when the addition of perchlorate reached 6% or
9% (APA-6, APA-9, APK-6 and APK-9), the flame shows a large bright-white area. This
indicates that the addition of AP/KP changes the radiation characteristics of the flame and
increases the flame temperature, as described in Section 3.3.
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Figure 8 shows the continuous burning time of each sample on the Ni-Cr igniter. When
the AP content in the system increased to 9%, the burning time increased from 456 ± 43 ms
to 498 ± 52 ms, 521 ± 46 ms and 539 ± 41 ms. When the KP content increased to 9%,
the flame duration of the n-Al/PVDF system increased from 456 ± 43 ms to 478 ± 42 ms,
496 ± 49 ms and 536 ± 52 ms. The prolongation of the flame duration on the Ni-Cr igniter
may be due to the fact that the reaction rate of the system is determined by the Al-F reaction,
and the reaction between perchlorate and Al occurs behind the flame front. Therefore, the
addition of perchlorate prolongs the burning time of the flame. This shows that the addition
of perchlorate can effectively improve the energy output of the n-Al/PVDF system.

The ignition energy is calculated by the formula E =
∫ t

0 UIdt, where U is the voltage,
I is the current and t is the ignition delay time. Since a large part of the input energy is
used to heat the nickel-chromium wire, it will not be transferred to the sample. Therefore,
the normalized ignition energy was used as a scalar in this study. Figure 9 shows the
ignition delay versus normalized ignition energy for each sample. In the Al/PVDF system,
with the addition of perchlorate, the ignition delay and normalized ignition energy were
both significantly increased. The maximum value was reached at 9% perchlorate addition,
increasing from 0.782 ± 0.032 s and 24.08 ± 1.06 J for AP to 0.852 ± 0.038 and 27.01 ± 1.25
(APA-9), and 0.872 ± 0.033 and 27.46 ± 1.51 (APK-9). This shows that the addition of per-
chlorate will increase the ignition threshold of the Al/PVDF system. This is consistent with
the conclusion reached in Section 3.2, that is, that the energy output rate of the Al/PVDF
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system is dominated by the Al-F reaction. Since fluorine has a higher electronegativity than
O, a large number of researchers have found that PVDF can undergo a pre-ignition reaction
with Al before the ignition temperature to improve the ignition performance of the system.
It is therefore speculated that the addition of perchlorate weakens the Al-F reaction process
when the system is ignited. Thus, the addition of perchlorate will increase the ignition
threshold of the Al/PVDF system.
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4. Discussion

As a polymer, PVDF will form a complex three-dimensional nanostructure when it
is compounded with aluminum micro-nanoscale particles. This leads to complex hetero-
geneous processes involving heat conduction, heat convection and heat radiation when
the Al/PVDF composite system undergoes self-propagating combustion. In addition, the
multivariate chemical reaction process is also an interesting feature in the reaction process
of such energetic systems. Because PVDF is an fluorine -containing polymer, both its O
element and its F element will chemically react with Al, leading to the existence of two
routes, namely Al-O and Al-F, in the exothermic process. At present, although the quantita-
tive characterization of these two pathways is still lacking, researchers have done a lot of
work to gain a deep understanding of the Al/PVDF reaction process. When the reaction
occurs in different atmospheres, the products formed are different, so it can be deduced that
there are differences in the reaction pathways. For the Al/PVDF energetic system prepared
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using the electrospray method, when it undergoes self-sustained combustion in argon, the
product formed after combustion is mainly AlF3. Interestingly, when this reaction takes
place in air, different main combustion products (Al2O3 and Al4C3) are produced [39].
In addition to the reaction atmosphere, it seems that the microscopic morphology of the
material and the preparation method also have an impact on the reaction pathway of such
systems. The reaction products of Al/PVDF energetic systems prepared by freeze-drying
and additive manufacturing are somewhat different from those of systems which use
sponge-like Al/PVDF films [14,21,40,41].

Figure 10a,b show the SEM images of the combustion products of the n-Al/PVDF
system. The combustion products are mainly convoluted layered carbon, inlaid with
granular products of aluminum combustion. Figure 10c shows the XRD images of the
combustion products of the n-Al/PVDF system before and after adding oxidants. Among
them, the diffraction peaks of 45.7◦ and 66.9◦ belong to Al2O3 (JCPDs No.46-1131). The
results of Al 2p fine spectrum by XPS show that Al-O (74.6 eV) and Al-F (76.6 eV) exist in
each sample, as shown in Figure 10d–f. The difference is that the peak area ratio of Al-O
relative to Al-F increases after adding oxidants. As shown in Figure 10d–f, the peak area
ratio of Al-O/Al-F in the AP system is 8.06, while the peak area ratios of Al-O/Al-F in the
APA-6 and APK-6 systems are 9.21 and 12.08. This indicates that the addition of perchlorate
can enhance the Al-O reaction in the n-Al/PVDF system. This also partly justifies the
reasons for the changes in the experimental phenomena described in the previous sections,
including the flame radiation characteristics, flame temperature and energy release rate.
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From the above discussion, it can be seen that research on the Al/PVDF reaction path
is currently a challenging topic. This is not only because of the intersecting and multistep
chemical reaction pathways, but also because of the extremely complex three-dimensional
micro-nanostructure caused by the inherent adjustable and designable morphology of
Al/PVDF [14,21]. These factors work together to create a complex reaction environment.
To obtain a further understanding of the combustion mechanism of the Al/PVDF system,
it is not enough to observe and characterize the combustion process, but also to analyze
the combustion products. In this work, the combustion process of Al/PVDF films before
and after adding AP/KP was investigated, and the relationship between Al-O and Al-F
reactions was explored by product analysis. As an active material that is highly prone to
oxidation, Al often has an Al2O3 shell on its surface. For Al/PVDF, the advantage of this
reaction system is that PVDF can undergo a surface pre-ignition reaction with Al2O3 as the
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shell layer. After the pre-ignition reaction, the Al2O3 shell is destroyed, exposing fresh Al
as the nucleus. At this stage, the main, competing Al-O and Al-F reactions occur.

For this work, the research focus was on the energy characteristics of the Al/PVDF sys-
tem before and after adding AP/KP. In order to gain a deep understanding of the system’s
energy characteristics, its flame propagation rate, combustion radiation characteristics,
combustion temperature and effect on the energy release performance of Ni-Cr igniters
under open conditions were investigated. In addition, through the analysis of combustion
products, the reaction path of the combustion process of the composite energetic system
after addition of AP/KP was studied.

5. Conclusions

The effect of perchlorate (AP/KP) on combustion properties of directly written
n-Al/PVDF composites is systematically discussed in this paper. Adding AP or adding
KP causes the flame propagation rate of the n-Al/PVDF system to decrease to different
degrees. This indicates that the addition of oxidants slows down the reaction of the system.
Moreover, with the addition of AP/KP, the bright white part of the flame produced by
the combustion of the energetic system greatly increases. This may be due to the forma-
tion of more Al2O3 in the combustion products as the oxidant content increases, thus
changing the radiative properties of the flame. The addition of soluble perchlorate also
increases the temperature of the flame generated by the combustion of directly written
n-Al/PVDF composites. One possible mechanism for this phenomenon is that AP/KP
can effectively increase the surface temperature of nanoparticles in the reaction system. In
addition, AP/KP increases the continuous burning time of n-Al/PVDF composites on a
Ni-Cr igniter. Therefore, adding AP/KP to the MICs system can adjust its burning rate,
burning temperature and burning duration, thus providing a technical path for designing
directly written n-Al/PVDF composites suitable for different application scenarios, and
promoting their practical application in the field of advanced pyrotechnics.
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