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A new group of energetic metastable intermixed composites (MICs) was designed and fabricated by
means of the spray granulation technique. These MICs are composed of aluminum (Al) as the fuel, ammo-
nium perchlorate (AP) and polyvinylidene fluoride (PVDF) as the co-oxidizer. The AP/PVDF ratio was opti-
mized by taking the maximum energy release as the criteria. A minor content of graphene oxide (GO) was
also doped in the MICs to act as both lubricant and catalyst. It was shown that Al@AP/PVDF with 0.2% GO
has the greatest density (2.57 g�cm�3) and highest heat of reaction (5999.5 J�g�1). These values are much
higher than those of Al@AP/PVDF (2.00 g�cm�3 and 5569.8 J�g�1). The inclusion of GO increases the solid-
state reaction rate of Al@AP/PVDF and improves the thermal stability. The flame propagation rate was
increased up to 4.76 m�s�1 by doping with 0.2% GO, and was about 10.7% higher than that of Al@AP/
PVDF. Al@AP/PVDF-GO has a better interfacial contact and particle distribution, which results in an
improved heat-transfer rate, freedom from the agglomeration of nano-Al particles, and an improved com-
bustion reaction rate. This work demonstrates a new strategy to improve the energy release rate and
combustion efficiency of Al-based MICs.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metastable intermixed composites (MICs) are a typical group of
energetic materials (EMs), composed of oxidizers and fuels at the
nanoscale [1,2]. MICs are known for their advantages of high
energy density and fast energy release rate, and are widely used
for propulsion and energy-storage devices [3–5]. Many types of
structures can be applied to form new MICs, through the introduc-
tion of special fabrication approaches. In the past few decades,
novel ‘‘layer-by-layer” or ‘‘core–shell” structures [6], three-
dimensional (3D) ordered macroporous-structured [7], and ternary
nanocomposites [8] have been prepared and investigated, and have
been found to be effective for tailoring the ignition and combustion
properties. It has also been found that the use of advanced prepa-
ration methods may optimize the safety and cost of the corre-
sponding MICs [1]. For example, the combustion performance,
ignition characteristics, and safety can be controlled well using dif-
ferent strategies. Aluminum (Al) powder is widely used as the fuel
in EMs due to its high energy content and low toxicity [9]. Decreas-
ing the particle size of Al to the nanoscale increases the burning
rate greatly and significantly decreases the ignition delay [10,11].
However, nano-Al (n-Al) has a significant drawback: It easily forms
a significant amount of aluminium oxide (Al2O3) shell during long-
term storage, which results in a loss of energy content and reactiv-
ity. Furthermore, because of its high specific surface area, it is easy
for the nanoscale particles to be agglomerated, resulting in a
decrease in reaction rate and energy release efficiency. This issue
has attracted attention from many researchers, who have focused
on modifying the surface of n-Al to enhance its reactivity during
ignition, while providing a passivation effect during storage. In
our previous work [12–14], various new types of core–shell-
structured Al-based MICs with tunable reactivity through the use
of different interfacial layers were prepared by in situ synthetic
methods, and showed an excellent energy release rate and reduced
sensitivity. For applications in composite propellants, ammonium
perchlorate (AP) is usually used as the oxidizer filler due to its high
oxygen content and low cost [15]. The addition of AP can improve
the Al combustion performance.

In nitrate ester plasticized polyether (NEPE) propellants, Fang
and Li [16] added superfine aluminum powder into the NEPE sys-
tem, resulting in better combustion characteristics and higher
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combustion efficiency due to the interaction of AP with Al. Li et al.
[17] considered the effect of AP and Al in hexanitrohexaaza-
isowurtzitane (CL-20)/NEPE propellant systems, and found that
AP increased the oxygen coefficient and burning rate, while Al
powder also increased the burning rate. In a system of n-Al/AP-
based composite propellants using hydroxyl-terminated polybuta-
diene (HTPB) as a binder, the reactions between the n-Al and AP
improved the specific impulse [18] and increased the burning rates
[19]. AP/Al/HTPB propellants have excellent thermal stability, low
impact sensitivity, and good mechanical properties [20,21].

Nitrocellulose (NC) is also often used as an energetic binder in
n-Al/AP systems, resulting in a lower ignition temperature and a
higher flame temperature [22]. The thermal mechanism of Al/AP/
NC was clarified by Wang et al. [22], who showed that the alumina
shell first reacts with the AP, and then the reaction between the Al
and NC takes place. Al/AP was also used to fabricate NC/nitroglyc-
erin (NG)/AP/Al as a composite modified double-base propellant;
the mechanical properties were clearly improved, due to the
cross-linking structure of the binder [23]. Furthermore, fluorine-
based polymers were chosen as the reactive binders to replace
NC or HTPB in order to improve the combustion efficiency of Al
while decreasing agglomeration. The combination of Al with
fluorine-based polymers (e.g., polyvinylidene fluoride (PVDF) and
polytetra fluoroethylene (PTFE)) also increased the reaction rate
and the combustion efficiency, the latter due to decreased con-
densed products [24,25].

Moreover, in order to further enhance the combustion perfor-
mance of MICs, researchers considered using carbon nanotubes
(CNTs) [26] and graphene oxide (GO) [27] as combustion catalysts
and lubricants in the composition of MICs. In particular, it was
shown that Al/PTFE doped with CNTs has a better energy output,
faster combustion speed, and tunable ignition delay time depend-
ing on the content of CNTs [26]. The electrospinning technique was
introduced to fabricate PVDF/CuO/Al composite membranes doped
with GO, which showed a higher density, higher reaction heat, and
improved combustion performance [27].

In order to further improve the combustion performance of con-
ventional Al/PVDF MIC, and make it more suitable as a promising
ingredient for solid propellants, both AP and GO were used in the
present work to fabricate various new types of MICs with better
performance. Due to the severe agglomeration that occurred
among nanoscale Al particles during the fabrication of these com-
posites, the spray granulation technique was used in order to
obtain composites with better homogeneity and dispersion. This
was expected to improve the long-term storage stability, safety,
and combustion efficiency of these MICs. The effect of the GO mass
content (0, 0.1%, 0.2%, or 0.5%) on the thermal behavior and com-
bustion performance of Al@AP/PVDF was evaluated, and the ther-
mal decomposition and flame propagation speeds were
characterized in detail.
2. Experiments

2.1. Materials

All the materials were purchased and used as received. AP
(purity > 99.5%) was obtained from Xi’an Modern Chemistry
Research Institute. N-Al powder (80 nm, purity > 99.9%) was
supplied by Novacentrix Company. The active aluminum content
was about 80%, as measured by thermal gravimetric analysis
(TGA). PVDF (Kynar 761, purity > 99.9%) was purchased from
Arkama Incorporation. The commercial GO (1–3 layers, oxygen
content > 42%) was produced by Nanjing JCNANO Technology Co.,
Ltd. N,N-dimethylformamide (DMF, 99.5%) was obtained from
Beijing Chemical Reagent Company.
2.2. Sample preparations

The PVDF powder was dissolved in DMF and stirred magneti-
cally for 12 h at 40 �C. Next, AP and n-Al powder were dispersed
in the pre-prepared PVDF solution, followed by 1 h of ultrasonic
dispersion and 24 h of magnetic stirring at room temperature.
The final homogeneous suspension was then used for spray
granulation.

For GO-modified Al@AP/PVDF composites, GO was first dis-
persed in DMF by ultrasonic dispersion for 1 h. Next, the GO sus-
pension was added dropwise into the PVDF solution. After 1 h of
stirring, AP and n-Al powder were dispersed into the PVDF-GO
solution. The resulting uniformly mixed solution was then used
for spray granulation.

The suspension of the abovementioned mixture at the designed
stoichiometry was used to prepare core–shell structured particles
at a spray-drying facility (YC-015, Yacheng Yiqi, China). And the
composite particles were collected in a connected glass vessel
without further treatment.
2.3. Characterization techniques

Evo 18 (Sigma, ZEISS, Germany) was used to characterize the
morphology of the Al@AP/PVDF-GO composites with 10 mmwork-
ing distance at 15 kV accelerating voltage. The heat of reaction was
measured by means of standard oxygen bomb calorimetry (ZDHW-
HN7000C, Huaneng Keji Co., Ltd., China) with an argon pressure of
3.0 MPa. The reaction residues from the bomb calorimetry were
characterized using an X-ray diffractometer (XRD, Xpert Pro
MPD, Panalytical, the Netherlands) to determine the component
after the combustion process. The thermal properties of Al@AP/
PVDF-GOwere studied using a simultaneous TGA/differential scan-
ning calorimeter (DSC) instrument (STA449 F5, NETZSCH, Ger-
many) with 40 mL�min�1 of argon flow from 40 to 1000 �C at a
heating rate of 15 �C�min�1. The flame speed of the samples was
measured using an IX Cameras i-SPEED 210 instrument with a
pressure of 1 MPa under a nitrogen atmosphere.
3. Results and discussion

3.1. Formula optimization of Al@AP/PVDF composites

In order to obtain the potential highest energy of the MICs, the
formulation of the Al@AP/PVDF composites was first determined
using an optimal ratio. When the content of AP was increased,
the PVDF could not hold the AP part, and large uneven particles
were formed (Fig. 1(a)). As illustrated in Fig. 1(b), when the mass
ratio of AP/PVDF was 1:1, the morphology of the particles looked
like homogeneous particles with the maximum content of AP in
the system. Therefore, the mass ratio of AP/PVDF was fixed at
1:1, since the AP could be dispersed in the PVDF polymer chains
to obtain better particles with a smooth surface.

The content of the metal fuel was considered in the next step.
Al@AP/PVDF mixtures with varied n-Al content (n-Al mass con-
tents of 0, 10%, 24.5%, 33.3%, 36.2%, 50%, and 66.7%) were prepared
by mechanical mixing. The heat release of the mixtures was mea-
sured by bomb calorimetry under an argon atmosphere at 3.0 MPa.
(Detailed data is plotted in Fig. 2.) The experimental data was fitted
by a Gaussian function to predict the best ratio of Al. The optimal
content of the mass fraction of Al was found to be 33.8% (shown in
Fig. 2; R2 = 0.98) due to its maximum heat release. In PVDF/CuO/Al
composites [27], the system has a maximum heat release value
when the mass content of PVDF is 36.81%. However, when CuO is
replaced by AP, the mass content of the PVDF decreases to 33.3%.
The heat release and component content of the MICs differs



Fig. 1. Scanning electron microscopy (SEM) images of the AP/PVDF composites prepared by means of spray granulation for an AP/PVDF mass ratio of (a) 2:1, (b) 1:1, and
(c) 1:2.

Fig. 2. Dependence of the heat of reaction on the Al mass content in Al@AP/PVDF
composites. y0: offset; A: area; w: half of the width; xc: center of the peak.
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significantly depending on the type of oxidizer. In order to obtain
better division of the components, the optimal Al mass content
was determined to be 33.3%, based on which the greatest efficiency
and heat of reaction could be obtained. The mass ratio of Al:AP:
PVDF was confirmed to be 1:1:1, and was then used to fabricate
composites with the inclusion of GO as a dopant by means of the
spray-drying technique.
3.2. Structure and morphology of Al@AP/PVDF and Al@AP/PVDF-GO
nanocomposites

In order to enhance the energy output and combustion perfor-
mance, GO was introduced and doped into Al@AP/PVDF by means
of the spray granulation method. The components of these MIC
mixtures are summarized in Table 1. The morphologies of the
Al@AP/PVDF composites were characterized by scanning electron
microscopy (SEM). Image J was used to measure the size of the
composite particles, and over 200 particles were measured in each
sample. As shown in Fig. 3, the Al@AP/PVDF nanoparticles are dis-
tributed evenly, and a few n-Al particles are accumulated loosely
Table 1
Compositions of the Al@AP/PVDF-GO mixtures.

Mixture Compositions (wt%)

GO

Al@AP/PVDF —
Al@AP/PVDF-GO0.1 0.10
Al@AP/PVDF-GO0.2 0.20
Al@AP/PVDF-GO0.5 0.50
and separately. Most of the Al and GO are embedded into the AP/
PVDF matrix, forming the Al@AP/PVDF-GO core–shell structure.
These particles have achieved close contact between the metal fuel
and the oxidizer on the nanoscale. The particle sizes are in the
range of 2–4 lm. A small amount of GO doping is beneficial for
the dispersion of the components and for the round morphology
of the composite particles. When the GO content is increased fur-
ther, however, some irregular GO flakes are distributed among
the particles. These results demonstrate that GO was successfully
doped into the Al@AP/PVDF composites, and that a specific ratio
of GO improved the dispersion and surface structure of the
Al@AP/PVDF-GO nanoparticles.

3.3. Effect of GO content on the density and reaction heat
f Al@AP/PVDF nanocomposite

Density is very important for EM applications. In this research,
density was tested by a gas pycnometry analyzer with a helium
pressure of 0.15 MPa. Fig. 4 shows the relationship between the
density and the GO content doped in Al@AP/PVDF-GO nanocom-
posites. It can be seen that the density increases with an increase
of GO content (from 0 to 0.2%), and reaches a maximum value of
2.57 g�cm�3. However, when the GO content is increased further
from 0.2% to 0.5%, the density decreases. Thus, it can be concluded
that doping with GO can help to improve the density, but excessive
GO addition may lead to a decrement in density. The results reveal
that Al@AP/PVDF composites with 0.2% GO have the maximum
density, which is 28.6% higher than that of Al@AP/PVDF without
GO.

The heat of reaction of GO-doped Al@AP/PVDF was also tested,
and the results are shown in Fig. 4. As shown in the figure, the heat
of reaction of Al@AP/PVDF-GO is 7.3%–7.7% higher than that of
Al@AP/PVDF without GO. With the addition of 0.2% GO, the energy
release of Al@AP/PVDF has the maximum value of 5999.5 J�g�1.
Furthermore, the heat release from the Al@AP/PVDF (5569.8 J�g�1)
composite fabricated by means of spray granulation is higher than
the sample made by means of mechanical mixing (5481.5 J�g�1;
Fig. 2) with the same formulation. This result suggests that the
improved contact between components that occurs during spray
granulation improves the energy release efficiency. More impor-
tantly, the addition of GO enhances both the density and the heat
release.
AP Al PVDF

33.33 33.33 33.33
33.30 33.30 33.30
33.26 33.27 33.27
33.16 33.17 33.17



Fig. 3. Morphologies and distributions of the particles sizes of the involved materials. (a) Morphologies of the particles sizes of Al@AP/PVDF; (b) morphologies of the particles
sizes of Al@AP/PVDF-GO0.1; (c) morphologies of the particles sizes of Al@AP/PVDF-GO0.2; (d) morphologies of the particles sizes of Al@AP/PVDF-GO0.5; (e) distributions of the
particles sizes of Al@AP/PVDF; (f) distributions of the particles sizes of Al@AP/PVDF-GO0.1; (g) distributions of the particles sizes of Al@AP/PVDF-GO0.2; (h) distributions of the
particles sizes of Al@AP/PVDF-GO0.5.

Fig. 4. Dependence of the density and reaction heat of Al@AP/PVDF on GO content.
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3.4. Thermal reactivity of Al@AP/PVDF doped with GO

3.4.1. Mass loss properties of Al@AP/PVDF-GO composites
The thermogravimetry/differential thermalgravity (TG/DTG)

curves of the Al@AP/PVDF-GO composites are shown in Fig. 5
and the parameters are summarized in Table 2. Only one decompo-
sition step with around 40% mass loss at 310 �C can be observed in
Fig. 5, which is due to the decomposition of AP and the reaction
between fluorine and the alumina shell of the Al nanoparticles.
For the mass loss process, the large slope indicates the AP decom-
position. However, with the addition of GO, a small slope can be
seen at a temperature range of 350–450 �C, corresponding to the
reaction between fluorine and alumina.

With an increase of GO content from 0 to 0.5%, the mass loss of
the composites is 39.4%, 46.4%, 42.3%, and 40.4% from 230 to
450 �C, respectively. For Al@AP/PVDF doped with GO, the uncon-
trollable reaction onset temperature and the peak temperature of
the mass loss rate slightly shift to a lower temperature, suggesting
that GO has a catalytic effect on the decomposition process of the
composite particles. Moreover, the mass loss is increased with the
presence of GO, indicating a better reaction efficiency. The addition
of GO also has a stabilization effect on the composition decompo-
sition by postponing the initial temperature.
3.4.2. Reaction heat effect of Al@AP/PVDF-GO composites
In order to further study the energy output of Al@AP/PVDF

doped with GO, the thermal decomposition was studied by means
of DSC. Fig. 6 shows the DSC curves of Al@AP/PVDF doped with GO
at a heating rate of 15 �C�min�1; the DSC parameters are summa-
rized in Table 3. There are two exothermic peaks (about 315 �C
and about 800 �C) and one endothermic peak (about 650 �C). Pure
AP has one endothermic peak due to the phase transition at
181.3 �C and two exothermic peaks for low-temperature and
high-temperature decomposition (243.0 and 286.9 �C, respec-
tively). The decomposition of PVDF shows one endothermic peak
at 165.2 �C and two exothermic peaks at 508.1 and 736.5 �C. For
the decomposition of AP/PVDF, however, there are two endother-
mic peaks corresponding to the polymorphic transition of PVDF
and AP, where the endothermic peak of PVDF decreases by about
2 �C and that of AP is postponed by around 70 �C. More interest-
ingly, the two exothermic peaks of AP and the exothermic peak
of PVDF are combined into one exothermic peak at 348.8 �C. The
exothermic peak at 777.3 �C is greatly weakened with the addition
of AP, compared with the peak of pure PVDF. This suggests that the
interaction between AP and PVDF significantly changes the ther-
mal decomposition mechanism of both components, so that the
final composite shows the characteristics of a homogeneous
PVDF/AP composite as a single compound.

In comparison, for Al@AP/PVDF and Al@AP/PVDF-GO, there is
only one exothermic peak between 314 and 318 �C, depending
on the content of GO. This result indicates that the presence of Al
has a catalytic effect on the decomposition of the AP/PVDF com-
posite. Moreover, GO promotes the decomposition of Al@AP/PVDF
by decreasing the initial temperature. The first exothermic peak is
attributed to the thermolysis of AP and the melting of the polymer,
enabling the reaction of fluorine with the alumina shell of the Al. A
solid–liquid transformation then occurs, and the melting peak of Al
is between 645 and 666 �C. In comparison with pure Al (Fig. 6(j)),
the endothermic peak of Al/PVDF decreases by 6 �C and the melting
enthalpy of Al in Al/PVDF shows a large decrease, from �385.5 to
�33.1 J�g�1. For Al@AP/PVDF, the endothermic peak is postponed



Fig. 5. TG/DTG curves of Al@AP/PVDF with/without GO at a heating rate of 15 �C�min�1. (a) Al@AP/PVDF; (b) Al@AP/PVDF-GO0.1; (c) Al@AP/PVDF-GO0.2; (d) Al@AP/PVDF-
GO0.5.

Table 2
TG/DTG parameters of Al@AP/PVDF with GO modified at a heating rate of 15 �C�min�1.

Sample TG curves DTG peaks

Ti (�C) Te (�C) To (�C) Mass loss (%) Tp (�C) Lmax (%�min�1)

Al@AP/PVDF 301.1 325.4 317.0 39.4 324.9 �1.161
Al@AP/PVDF-GO0.1 303.5 322.7 316.8 46.4 309.7 �1.154
Al@AP/PVDF-GO0.2 301.6 329.7 312.1 42.3 316.1 �1.113
Al@AP/PVDF-GO0.5 301.8 323.0 316.0 40.4 311.3 �1.120

Ti: initial temperature; Te: the end temperature of mass loss; To: uncontrollable reaction onset temperature; Tp: peak temperature of the mass loss rate; Lmax: maximummass
loss rate.
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by around 7 �C and the melting enthalpy decreases to one third of
the original.

With the addition of GO, however, the endothermic peak of
Al@AP/PVDF-GO decreases by 7–14 �C and there is a very small
melting enthalpy, depending on the content of GO. This result is
due to the presence of the other components as impurities, which
can promote the melting of Al particles under relatively low
enthalpy. However, an excessive amount of GO may have a nega-
tive effect on the morphology of the composites particles, as it will
result in the aggregation of Al nanoparticles outside of the
composites.

The high-temperature stage is considered to be a thermite
reaction with no mass loss, which corresponds to the final
exothermic peak in Fig. 5. As reported by DeLisio et al. [28],
the thermite reaction of Al/PVDF occurs with a peak of 770 �C,
which mainly indicates the formation of hydrogen fluoride
cations (HF+), and a peak at 890 �C, which indicates the scission
of the residue PVDF chains. When Al@AP/PVDF and Al@AP/PVDF-
GO are compared, the exothermic decomposition of the residual
PVDF and the solid-state reaction of the Al/PVDF merge into a
single peak at approximately 806 �C. However, when the GO con-
tent is as high as 0.5%, the exothermic peak of the reaction
between Al and PVDF decreases to a slightly lower temperature
of 788.7 �C, since excessive GO may lead to aggregation problems
of n-Al. This result is due to the excellent thermal conductivity
and unique electronic structure of GO, which can enhance the
heat-transfer process and the dispersion of the heat generated
during the solid-state reactions. It is therefore logical for GO to
have a stabilization effect on the decomposition of PVDF, which
increases the reaction peak temperature of Al/PVDF by around
20 �C.

To further elaborate the change of the thermal decomposition
mechanism, we superimposed the peaks of Figs. 6(f) and (h) over
the obtained peaks shown in Fig. 6(e). Compared with the DSC
curves of the involved composites made by spray granulation
(Fig. 6(d)), the decomposition peaks of AP and PVDF merge into a
single peak at around 318.7 �C. Two exothermic peaks, correspond-
ing to the thermic reaction between Al and PVDF and the decom-
position of PVDF, also merge into a peak at 790.8 �C. The
significant differences in these two curves (Figs. 6(d) and (e)) indi-
cate that there are completely new solid-state reaction mecha-
nisms for the Al@AP/PVDF composite.



Fig. 6. Non-isothermal DSC curves of Al@AP/PVDF with varying GO concentration under a heating rate of 15 �C�min�1 (‘‘by math” means that this curve was obtained by
manually adding the DSC curves of Al/PVDF and pure AP at a ratio of 2:1, showing the strong interaction of these components). (a) Al@AP/PVDF-GO0.5; (b) Al@AP/PVDF-GO0.2;
(c) Al@AP/PVDF-GO0.1; (d) Al@AP/PVDF; (e) Al@AP/PVDF by math; (f) Al/PVDF; (g) AP/PVDF; (h) AP; (i) PVDF; (j) Al.

Table 3
DSC parameters of Al@AP/PVDF-GO composites at a heating rate of 15 �C�min�1.

Sample Endothermic peaks Exothermic peaks Step

Ti (�C) Tp,thermal (�C) Te,heat (�C) DH1 (J�g�1) Ti (�C) Tp,thermal (�C) Te,heat (�C) DH2 (J�g�1)

Al@AP/PVDF 643.8 666.1 691.2 �16.6 295.2 318.7 341.3 481.9 I
736.6 790.8 843.5 1414.0 II

Al@AP/PVDF-GO0.1 618.0 652.6 685.2 �8.5 269.3 313.3 352.8 748.6 I
742.6 806.2 857.3 1154.0 II

Al@AP/PVDF-GO0.2 622.0 645.5 671.4 �7.2 266.3 317.7 350.1 610.6 I
752.4 808.2 882.9 1113.0 II

Al@AP/PVDF-GO0.5 627.0 653.7 693.2 �20.4 260.5 314.5 344.3 859.4 I
736.6 788.7 814.4 437.6 II
814.4 808.2 918.5 1068.0 III

Al/PVDF 140.7 167.2 176.2 �39.5 495.2 492.3 520.0 944.8 I
676.1 701.5 749.6 236.5 II651.5 653.6 660.2 �33.1
796.9 835.2 856.1 112.5 III

AP/PVDF 142.8 163.5 171.8 �23.6 337.7 348.8 360.7 1505.0 I
238.9 249.0 255.1 �16.8 716.7 777.3 889.4 455.4 II

Al 652.8 659.6 664.3 �385.5 — — — — I
PVDF 159.8 165.2 172.8 �18.2 459.5 508.1 592.3 4255.0 I

707.4 736.5 820.7 1382.0 II
AP 172.2 181.3 211.4 �65.3 211.4 243.0 277.8 697.5 I

277.8 286.9 295.5 573.3 II

Tp,thermal: peak temperature of thermal events; Te,heat: the end temperature for heat change; DH1: heat absorption; DH2: heat release.
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3.5. Combustion properties of Al@AP/PVDF modified with GO

The combustion characteristics of Al@AP/PVDF modified with
GO were examined by testing the flame propagation speed using
a high-speed camera. Fig. 7 shows sequential snapshots from a
high-speed camera recording the combustion processes of the
Al@AP/PVDF composites. The flame propagation speed of four sam-
ples was calculated as 4.30, 4.71, 4.76, and 4.00 m�s�1, respectively.
The flame speed of the composites doped with GO was increased
by 10.7% in comparison with that of Al@AP/PVDF. However, when
the GO content reached 0.5%, the burning rate decreased and the
excessive GO caused uneven distribution in the composite system,
resulting in a lower burn rate. The positive effect of GO on
combustion speed may be attributed to its rapid heat-transfer pro-
cess, which has a strong catalytic effect on the decomposition of AP
and PVDF.

The Al@AP/PVDF-GO composite (5 mg) was placed in an alu-
mina pot under a nitrogen atmosphere. A CO2 laser igniter (4 V
of ignition voltage and 12 s of heating time), a spectrometer
(Avasoec-2048, Avantes, the Netherlands), and a high-speed cam-
era were installed in order to simultaneously record the optical
history and combustion process. In general, the features seen in
the spectra in Fig. 8 are representative of what was seen for all
experiments. The peaks near 590 and 767 nm correspond to the
emission of AlO (g) and NH4Cl (g), respectively. The addition of
GO may increase the peak intensity of AlO and NH4Cl. However,



Fig. 7. Screenshot flame propagation images from a high speed camera. (a) Al@AP/PVDF; (b) Al@AP/PVDF-GO0.1; (c) Al@AP/PVDF-GO0.2; (d) Al@AP/PVDF-GO0.5.

Fig. 8. Typical emission spectra of Al@AP/PVDF-GO composites in discernible time.
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the emission of AlO (g) is at the minimum for the sample with 0.2%
of GO doping, in which the reaction between Al and H–F dominates
the oxidation process.

Fig. 9 shows the condensed combustion products of Al@AP/
PVDF-GO, and exhibits the aggregation of the disordered particles.
It can be seen from Fig. 9(a) that the morphology of the products of
Al@AP/PVDF-GO shows severe agglomerations. With an appropri-
ate addition of GO, the agglomeration performance can be
improved, as shown in Figs. 9(b) and (c). Moreover, a large amount
of GO nanosheets can be observed in Fig. 9(d), due to the over-
doping of GO. Composite particles doped with GO show increased
reactivities and are more sensitive to thermal decomposition; the
agglomeration size is also decreased. These results further
demonstrate that GO doping improves the combustion rate and
efficiency.

The condensed combustion products were determined by
means of powder XRD in order to identify the possible combustion
reaction mechanisms. These nano-metal particles are mainly AlF3,
AlN, Al2O3, and Al, as detected by XRD (Fig. 10), indicating that
most of the n-Al is consumed during the reaction process. Al reacts
with AP or PVDF to generate the products AlF3 and AlN. It is postu-
lated that the decomposition reactions of the Al@AP/PVDF compos-
ite are as follows:

2ð�CH2 � CF2Þn ! 2HFþ CH2 þ CF2 þ 2C

Al2O3 þ 6HF ! 2AlF3 þ 3H2O

2Alþ 3ð�CH2 � CF2Þn ! 3H2 þ 2AlF3 þ 6C

2NH4ClO4 ! N2 þ 4H2Oþ Cl2 þ 2O2

6Alþ N2 þ 3O2 ! 2AlNþ 2Al2O3

In addition, the peak intensity of Al and Al2O3 became weaker
with the addition of GO in comparison with Al@AP/PVDF, which
is consistent with the reduction in the AlO emission intensity
shown in Fig. 8. This finding suggests that better combustion effi-
ciency can be achieved by GO modification.

4. Conclusions

In summary, Al@AP/PVDF nanoparticles were successfully pre-
pared by means of spray granulation, and the optimized formula-
tion of Al@AP/PVDF was determined to be a mass ratio of 1:1:1,
which had the highest energy output (5478.1 J�g�1). The effect of
GO content (0.1%, 0.2%, and 0.5%) was also investigated, and the
following conclusions were made:

(1) It was found that Al@AP/PVDF-GO0.2 has the highest density
(2.57 g�cm�3) and highest heat of reaction (5999.5 J�g�1) in com-
parison with the other Al@AP/PVDF nanoparticles. This Al@AP/
PVDF compound has only one exothermic peak around 318 �C,
which is attributed to the thermolysis of AP and the melting of
the polymer enabling the reaction of fluorine with the alumina
shell of the Al. Al melting then occurs at about 650 �C. The addition
of GO decreases the temperature of these two peaks, depending on
the content of GO. After that, one exothermic decomposition peak
occurs at approximately 806 �C, which corresponds to the thermite
reaction between Al and PVDF and the decomposition reaction of
the residual PVDF. The presence of GO has a stabilization effect
on this exothermic peak. However, when the GO content increases



Fig. 9. SEM images and distributions of the particle sizes of the condensed combustion products. (a) SEM images of the particle sizes of Al@AP/PVDF; (b) SEM images of the
particle sizes of Al@AP/PVDF-GO0.1; (c) SEM images of the particle sizes of Al@AP/PVDF-GO0.2; (d) SEM images of the particle sizes of Al@AP/PVDF-GO0.5; (e) distributions of
the particle sizes of Al@AP/PVDF; (f) distributions of the particle sizes of Al@AP/PVDF-GO0.1; (g) distributions of the particle sizes of Al@AP/PVDF-GO0.2; (h) distributions of
the particle sizes of Al@AP/PVDF-GO0.5.

Fig. 10. XRD spectra of the combustion residues after the calorimetry bomb of
Al@AP/PVDF with or without GO. 2h: diffraction angle.
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to 0.5%, the exothermic peak of the reaction between Al and PVDF
decreases to a slightly lower temperature of 788.7 �C due to the
aggregation problem. Moreover, two exothermic peaks of AP and
one exothermic peak of PVDF are combined into a single exother-
mic peak at around 318 �C due to the interaction between AP and
PVDF, indicating the characteristics of the homogeneous AP/PVDF
composite as a single compound.

(2) GO has a catalytic effect on the thermite reaction of the
Al@AP/PVDF composite, and a stabilization effect on the decompo-
sition of AP and PVDF.

(3) Doping 0.2% GO can greatly improve the energy output and
enhance the combustion speed of Al@AP/PVDF, due to the
improved contact and distribution of the components for the com-
posite structure of Al@AP/PVDF-GO. The highest flame speed
(4.76 m�s�1) was obtained when the content of GO was 0.2%. Dop-
ing an excessive amount of GO would lead to a decrease in reaction
efficiency, and therefore to a lower burn rate.
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