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a b s t r a c t 

Aluminum nanoparticles (Al NPs) are commonly employed as fuel supplement to increase the energy 

density of propellants. However, due to the highly agglomerated state of the NPs and significant pre- 

combustion sintering, ignition and combustion are not as facile as they could be. In this work, we em- 

ployed a spray approach to generate near monodisperse microparticles of Al NP’s encapsulated within 

ammonium perchlorate (AP) and a binder (nitrocellulose (NC)) The results show that Al/AP/NC compos- 

ites have an ignition temperature ( ∼700 K), which is significantly lower than Al melting point ( ∼933 K). 

The reactivity of Al/AP/NC composites was also tested in a confined cell where we find that although the 

peak pressure for Al/AP/NC is comparable to that of physically mixed Al/CuO nanothermite, the impulse 

generated is more than two times higher. The measured flame temperature of Al/AP/NC composites were 

as high as 2800 K, which is ∼500 K higher than Al/AP composites without NC. Furthermore, the potential 

mechanism for the early ignition of these composites were investigated. It is proposed that gaseous acid 

released from AP could play an important role in weakening the protective oxide shell on Al nanoparti- 

cles which could subsequently lead to the reaction of Al in the high-pressure oxygenated environment at 

lower temperature. 

© 2017 Published by Elsevier Inc. on behalf of The Combustion Institute. 
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. Introduction 

Composite propellants common in solid-fuel rockets are pri-

arily constituted of metal fuels, oxidizer crystals, and binder

1] . Conventionally, micron aluminum powders (3–20 μm) are

mployed as fuel due to their high enthalpy and ease of avail-

bility as an energy additive [2–4] . The aluminum particles are

urface passivated by the naturally occurring oxide shell, which

aises the ignition temperature of these particles to 20 0 0–230 0 K

5–7] . Typically aluminized composite propellant surface burning

emperature is ∼800 K [8,9] , which leads to the ignition of micron

l to occur after a delay and away from the propellant burning

urface, resulting in little heat feedback to drive flame propaga-

ion. Consequently, the addition of micron Al does not significantly

esult in enhanced burn rates. The replacement of micron Al with

luminum nanoparticles (Al NPs) markedly reduces the ignition

elay and ignition temperature ( < 10 0 0 K) [10,11] , which leads to

he aluminum particles burning closer to the propellant surface.

his produces continuous heat feedback, resulting in a burn rate

ncrease of as much as 100% [12,13] . However, Al NPs suffer
∗ Corresponding author. 
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rom significant processing challenges due to their high specific

urface area [4,14,15] , which greatly increases the viscosity of the

olymer binder matrix, limiting the nanometallic fuel content

n propellants. Moreover, the pre-combustion coalescence of Al

Ps increases their effective size to the micron scale, retarding

gnition [14] . Last but not least, because of the high evaporation

emperature of Al ( ∼2700 K) [16] , it exists as a condensed liquid

roplet for long periods of time resulting in the formation of

arger droplets prior to ignition. All of these factors minimize the

otential applications as accelerating agents in propellants. 

In our previous studies, small amounts of nitrocellulose (NC)

ere used to assemble Al NPs into uniform Al/NC microparti-

les, which not only decreases the processing difficulty, but also

ighly reduces the ignition delay time of Al NPs, resulting in a

35% increase in propellant burn rates [17,18] . Significant effort s

n the past, directed at tuning the burning rate of propellants in-

olved adjusting the size of AP [19,20] , using novel oxidizers in

ropellants [21] , using catalyzing agents such as reactive wires

22] , Fe 2 O 3 or CuO particles or rods [23,24] , or even diatomaceous

arth [1] , and employing various assembly techniques for tuning

he contact area between the fuel and oxidizer [25–29] . 

As we all known, for a long period of time till now, Al,

P and NC are the commonly used fuel, oxidizer and energetic

inder, respectively [19–24] . It will be ideal if we can create the

http://dx.doi.org/10.1016/j.combustflame.2017.02.036
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homogenous fuel/oxidizer/binder composites particles in one step.

In this present paper, we employed an electrospray assembly tech-

nique to create visibly dense and homogeneously mixed submicron

particles comprised of oxidizer-AP and binder-NC, and Al-NP’s. The

produced particles show rapid ignition, distinctly low ignition tem-

peratures and high reactivity. Spectroscopic temperature measure-

ments were performed on Al/AP/NC composites as well as Al/AP

composite without NC. The potential ignition mechanism of the

composites is also investigated. 

2. Experimental 

Materials: Aluminum nanoparticles (Al NPs, from Novacentrix

Inc.) have an average diameter of ∼80 nm with a ∼2–5 nm ox-

ide shell resulting in a ∼81 wt% active Al content. The oxide shell

thickness and active Al content were confirmed using transmis-

sion electron microscopy (TEM) and thermogravimetric analysis

(TGA), respectively [30] . Ammonium perchlorate (AP, ∼170 μm,

99.8 wt%, as shown in Fig. S1) and Collodion solution (4–8 wt. %

in ethanol/diethyl ether) were purchased from Sigma-Aldrich Corp.

All the materials were used as received. An acetone (99.8%) and

methanol (99.8%) mixture (volume ratio: 1:5) was used to dissolve

the AP. And a diethyl ether (99.8%)/Ethanol (99.8%) mixture (vol-

ume ratio: 1:3) was employed to dilute the collodion. 

Precursor Preparation Procedure: The diluted collodion solution

was mixed into the AP solution and was vigorously stirred for 1 h.

Al NPs were gently added into the mixture followed by an hour of

sonication. The stoichiometric ratio of Al/AP (equivalence ratio is

1.0) was calculated based on fully reaction between Al and AP with

81 wt% of active Al. NC was not taken into consideration when cal-

culating the equivalence ratio. In a typical experiment (14 wt% NC,

Al/AP equivalence ratio = 1.19), 157.2 mg AP was dissolved in the

mixture of 0.5 mL acetone and 2.5 mL methanol to form the AP so-

lution, and a mixture of 0.24 mL ethanol and 0.08 mL ether was

added into 0.7 mL collodion solution. After mixing, 88.4 mg Al NPs

were added into the final mixture. The as prepared suspension was

sonicated for an hour and then magnetically stirred for 24 h. The

process of preparing precursors for Al/AP without NC is exactly the

same as above. 

Electrospray Procedure: In this study we used a previously de-

scribed electrospray process [31,32] to generate the composites.

Electrospray is commonly used as a droplet cloud formation tech-

nique which advantages the balance between electric force and

surface tension to produce uniform droplets. Following evaporation

of the solvent in the droplets, uniform dry powders are obtained.

In a typical electrospray experiment, the precursor prepared be-

forehand was loaded in a syringe and drove by a syringe pump.

The feed rate was nominally 0.2 mL/h (0.5 and 1.0 mL/h were also

employed, as labeled) through a 0.20 mm inner I.D. needle. An alu-

minum foil (24 cm ×24 cm) was served as the receiving substrate.

The voltage applied between the needle and substrate was 18 kV

at a distance of 2.5 cm. Due to the unstable suspension formed in

the samples without NC, magnetic stirring was used to avoid any

sedimentation of Al NPs. The described electrospray process was

also employed with the same condition when creating AP, NC, and

AP/NC particles. 

Conventional physically mixed samples: The precursor for phys-

ically mixed sample is exactly the same as the electrospray case.

In a typical experiment (14 wt% NC), 166.8 mg AP was dissolved in

the mixture of 0.5 mL acetone and 2.5 mL methanol to form the

AP solution, and a mixture of 0.24 mL ethanol and 0.08 mL ether

was added into 0.7 mL collodion solution. After mixing, 78.8 mg

Al NPs were added into the final mixture. The as prepared sus-

pension was sonicated for an hour and then magnetically stirred

for 24 h. The prepared precursor solution was then placed into a

fume hood for 24 h to completely remove the solvent and then the
emaining powder was gently broken into fine powder by a spatu-

as. The SEM image of the final Al/AP/NC particles made by physi-

ally mixed was shown in Fig. S8. 

SEM, EDS, XRD and TG/DSC: A Hitachi Su-70 scanning elec-

ron microscope (SEM) with attached Energy-dispersive X-ray spec-

roscopy (EDS) was employed to analyze particle morphology

nd elemental composition, respectively. The composites were de-

osited onto a piece of aluminum foil during electrospray which

as subsequently attached onto the SEM stage using carbon tape.

 thin layer of Au ( ∼3–5 nm) was deposited on the surface of

he stage to increase the conductivity before testing. A Bruker D8,

ith Cu K radiation, X-ray diffractometer (XRD) was used to deter-

ine the crystallization state. Thermogravimetric/differential scan-

ing calorimetry (TG/DSC) results were obtained with a TA Instru-

ents Q600 at a rate of 5 °C/min up to a maximum temperature

f 500 °C in an argon atmosphere. 

Combustion cell characterization: The reactivity of the compos-

tes was evaluated in a constant volume ( ∼13 cm 

3 ) combustion

ell, from which the pressure and optical emission histories can

e simultaneously obtained. The details of combustion cell exper-

ment can be found in our previous studies [33,34] . The pressur-

zation rate was calculated from the initial slope of the pressure

ise and the burn time was calculated from the full-width half-

aximum of the optical emission history. Samples of 25 mg was

ested three times and the average values were reported. The im-

ulse was calculated from integral area under the time-resolved-

ressure curve, which depends on overpressure and duration time.

T-jump ignition and time-resolved mass spectrometry: The details

f the T-Jump ignition and time-resolved mass spectrometer sys-

em used in this study can be found in refs [34–36] . Typically, a

10 mm long platinum filament ( ∼76 μm in diameter) coated with

he composite ( ∼4 mm long) was resistively heated to ∼1600 K

heating rate of ∼4 ×10 5 K s −1 ) in 1 atm of Argon. The ignition and

ubsequent combustion of the composite was monitored using a

igh-speed camera (14.9 μs per frame with 256 ×256 pixels, Phan-

om V12.1). The time-resolved temperature profile of the wire was

alculated from the temporal wire resistance recorded during the

eating process and the ignition temperature was subsequently

alculated by correlating the observed ignition timestamp from the

igh-speed video with the wire temperature profile. Time-resolved

ass spectroscopy was also used for characterizing the species re-

eased during the fast heating. The ignition time is obtained from

he time period between the wire triggering and the first light

mission showing up. 

Flame temperature measurement and adiabatic flame temperature

alculation: The aforementioned T-Jump experiment was used for

gniting the composite. The emission from the combustion event

as collected by an optical fiber and sent to a 0.5 m spectrometer

Acton SP500i), which dispersed the light with a 150 g/mm grating.

he spectrum was recorded by a 32 channel PMT (Hamamatsu) in-

erfaced with a high-speed data acquisitions system (Vertilon IQSP

80). Time resolved spectra, in the 50 0–80 0 nm band, was sampled

t 10 kHz and subsequently fit to Planck’s law with grey body ap-

roximation to get time-resolved temperature [37] . The adiabatic

ame temperature was calculated using the Cheetah 6.0 equilib-

ium code at a constant pressure with the alumina shell taken into

ccount. 

. Results and discussion 

.1. Assembly and encapsulation of Al NPs within AP/NC matrix 

Figure 1 shows SEM images and EDS mapping results of the

ormed Al/AP/NC composites. As Fig. 1 a shows, multiple Al NPs

re encapsulated in a transparent (to e-beam) matrix, which is a

ixture of AP and NC. As Fig. S1 (supporting information) shows,
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Fig. 1. Typical Low (a) and high (inserts of a) resolution SEM images, EDS mapping images of a single particle (b) and elemental result (c) of Al/AP/NC composites (14 wt% 

NC, Al/AP is in stoichiometric ratio). Note: the Au shows up because of the pre-process of gold coating. Feed rate: 1 mL/h. 

Fig. 2. The particles size can be tuned by applying different feed rates as 0.5 mL/h (a) and 0.2 mL/h (b) (14 wt% NC, Al/AP is in stoichiometric ratio). The combustion snapshots 

(c) of Al/AP/NC composites with different Al/AP equivalence ratios are shown. Note: the labeled in the snapshots are time after triggering. 
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oth of NC and AP particles made by electrospray are transpar-

nt. However, the surface of the clear matrix melted and cracked

lightly when exposed to the electron beam in the SEM. As a re-

ult, the particles shown in Fig. 1 b and Fig. S1 are shrunk and

ot as transparent as particles that have not been exposed to the

lectron beam for such a long time ( ∼10 minutes). The surface

f AP crystals show a similar morphological change upon heating

38,39] supporting the claim that these changes are due to interac-

ions with the electron beam. The EDS mapping results shown in

ig. 1 b and c indicate that the Al NPs were well dispersed in the

P/NC matrix and the XRD results in Fig. S2 reveals that the AP is

rystalline in the composites. 

The size of the composites in Fig. 1 a is in the range of 1–4 mi-

ron. And the size distribution can be easily tuned by the feed rate

sed during electrospray processing [17] . As Fig. 2 a and b shows,

he Al/AP/NC composites made with a feed rate of 0.5 mL/h and

.2 mL/h have an average size of ∼1.2 μm and ∼0.5 μm, respec-

ively. Composites with varying Al/AP ratios were also produced by

lectrospray using the same feed rate of 0.2 mL/h. The SEM im-
ges of these composites are shown in Fig. S3 and the size of these

omposites is also about ∼0.5 μm. There is an observable increase

n the packing density of Al NPs with increasing Al content in the

omposites. 

All of the above Al/AP/NC composites were ignited on a rapidly-

eated wire in 1 atm of argon, for which high speed video, and ig-

ition temperatures, were obtained. It was found that the conven-

ional physical mixed Al/AP/NC composites (Fig. S8) could not be

gnited on the wire. That is because of the large crystals of AP and

gglomerations of Al NPs result in substantial detachment between

he gas phase combustion (AP/NC deflagration) and solid phase

ombustion (Al combustion). The slightly fuel-rich (1.19 equiva-

ence ratio) Al/AP/NC composites visibly showed the most vio-

ent reaction, as Fig. 2 c shows. The ignition temperature of the

l/AP/NC sample in Fig. 1 (size: ∼1–4 μm) was ∼980 K and the

ample in Fig. 2 a (size: ∼1.2 μm) is ∼890 K. Both have ignition

emperatures around the melting point of Al (933 K), however, the

ample in Fig. 2 b (size: ∼0.5 μm) could be ignited as low as 700 K.

ote that the composition of these particles are the same while
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Fig. 3. Peak pressure, pressurization rate changes with the equivalence ratio of Al/AP (a, NC is 14 wt%) and the NC content (b, equivalent ratio: 1.19), respectively. Sample 

mass was fixed at 25.0 mg and three runs were conducted for each sample. 

Table 1 

Ignition time and temperature of different Al NPs containing composites. 

Materials Equivalence 

ratio 

Ignition 

time (ms) 

Ignition T 

(K) ( ±50 K) 

Al/AP/NC composites (14 wt%, 

mean size: 0.5 μm) 

0.53 1.2 710 

1.00 1.3 710 

1.19 1.2 730 

1.66 1.1 690 

2.29 1.1 720 

Al/AP/NC mixture (14 wt%) 1.00 No ignition n/a 

Al/NC composites (10 wt%, 

mean size: 11.1 μm) 17 

1.00 3.3 n/a 

Al/NC mixture (10 wt%) 17 1.00 10.2 n/a 

Al NPs (50 nm) 17 n/a 17.1 n/a 
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only the size is different. Slow heat conduction in large particles

might be one reason for their relative high ignition temperature.

The ignition temperatures of all the Al/AP/NC composites (14 wt%

NC) with a diameter of ∼0.5 μm are approximately 700 K regard-

less of the Al/AP ratio (0.53-2.29) as Table 1 shows. 

As Table 1 shows, previously synthesized Al/NC microparticles

showed a short ignition delay time (0.3 ms, after 3 ms fast-heating)

compared to Al NPs and Al/NC mixtures. As a consequence, propel-

lants containing the Al/NC microparticles showed a burn rate in-

crease of 35% [18] . We believe that the much shorter ignition delay

time of Al/NC decreases the distance between burning Al NPs and

burning surface of propellant (gas phase deflagration), thus pro-

viding better heat feedback to accelerate the combustion. In this

study, as Table 1 shows, the Al/AP/NC composites were ignited

rapidly ( ∼1.2 ms). More importantly, the ignition temperatures of

these composites are as low as ∼700 K, which means that these

Al containing composites might burn very close to the surface of

propellant, thus potentially achieving high burn rate by taking full

advantage of the high enthalpy of Al NPs and is being further in-

vestigated. 

The reactivity of the Al/AP/NC composites was also evaluated

using a confined volume combustion cell. From which we can ob-

tain the peak pressure and pressurization rate of a chosen amount

(25 mg) of material in a fixed volume (13 mL). The results for dif-

ferent Al/AP/NC composites with various Al/AP ratios were shown

in Fig. 3 a. Both the peak pressure and pressurization rate attains a

maximum at an equivalence ratio of 1.66. Unlike the T-Jump test

being conducted in argon, the combustion cell test was conducted

in air, thus excess Al NPs will react with air, resulting in higher re-

activity. The pressure and pressurization rate of Al/AP/NC compos-

ites with different NC contents were normalized to compare with
he 14 wt% NC case. As Fig. 3 b shows, both the pressure and pres-

urization rate drop dramatically with an increase of NC content

ecause of NC’s separation between the fuel (Al) and oxidizer (AP).

owever, it is important to note that the reactivity of the electro-

prayed Al/AP without NC (as Fig. 4 b shows) is so low that it is

nable to trigger the data acquisition system (triggered from opti-

al signal intensity). The reduction in reactivity (peak at 1 wt% NC)

ith increasing NC content of Al/AP/NC composites is different to

hat is observed for previous Al/CuO/NC mesoparticles [33] , where

eactivity peaked at ∼5 wt% NC. In that study, NC not only acts as

n energetic binder but also acts a gas generator to retard sinter-

ng of Al NPs. In the present study, AP itself is a good gas generator

hich can serve the same purpose as NC in retarding sintering. We

ote that the peak pressure of the Al/AP/NC composites is roughly

he same as that of Al/CuO nanothermite, and the impulse is more

han double (as the insert in Fig. 3 b shows) because of enhanced

as release. Moreover, the Al/AP/NC composites (25 mg) with NC

ontent ranging from 1 wt% to 22 wt% have impulse values as high

s ∼3.8 kN • s/m 

2 (duration: −5 ms to 17.5 ms, as Table S1 shows),

hich indicates the potential of these composites as fuel source

or propellants. 

It is interesting to note that only 1 wt% of NC can bring a sub-

tantial increase in the reactivity of Al/AP composites. This can be

xplained by Fig. 4 . For the Al/AP without NC ( Fig. 4 b), the fuel-Al

Ps and the oxidizer-AP were not well mixed. The interfacial area

etween the two is largely reduced with the large aggregation of

l NPs and large crystallization of AP ( > 2 μm). The NC addition

ere is important because it not only acts like a stabilizer for the

lectrospray precursor to better mix the fuel and oxidizer in these

omposites ( Fig. 4 a, 1 wt% NC) and a binder for forming the sub-

icron particles, but also ignites early and produces gas/heat to

eflagrate AP and then finally contributes to ignite Al at low tem-

erature (related video is in supporting material). As discussed be-

ore the micron size composite which has been demonstrated to

urn faster in our prior studies [17,33] , has been speculated to do

o by both preventing sintering, but also by retarding heat loss to

he surroundings thereby promoting combustion. The smaller sized

P has a lower decomposition temperature [19] which also with

he above mentioned effects contribute to the high reactivity of

l/AP/NC composites. One important piece of forensic evidence is

hat the burning residues of Al/AP/NC composites are significantly

maller than those of Al/AP, revealing a more complete combustion

f Al NPs and less sintering during combustion [40] . 

Flame temperature is a key parameter in parameters as heat

eedback to the propellant surface significantly impacts burn rate.

igure 5 a shows the temporal temperature profile of the Al/AP/NC
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Fig. 4. The SEM images of Al/AP/NC composites (a and a-1, 1 wt% NC) and Al/AP composites (b and b-1, no NC) formed by electrospray. Both are in stoichiometric ratio. 

Al/AP/NC submicron particles (a-1 and the insert, 0.5 μm) aggregate into micron particles (a and a-1, 5-20 μm); Al NPs aggregate into submicron particles (b-1, ∼0.5 μm) 

attached with micron AP crystals (b and b-1, 1-3 μm); the SEM images are the collected combustion residues from Al/AP/NC (a-2) and Al/AP (b-2), respectively. 

Fig. 5. The temperature-time history of bare wire (black line, obtained in T-Jump setup) and the flame temperature-time history (obtained in FT acquisition setup) of Al/AP 

(red square marks and blue line) and Al/AP/NC (blue round marks and red line, 14 wt% NC) composites (a, equivalence ratio is 1.0). The experimental flame temperature and 

calculated (constant pressure, by cheetah, H and H 2 are excluded in the products) adiabatic flame temperature results of Al/AP/NC with different Al/AP ratio (b, 14 wt% NC). 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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omposite (14 wt% NC) and the Al/AP composite (no NC, see

ig. 4 b). The peak flame temperature of the Al/AP/NC is ∼500 K

igher than that of the Al/AP, which peaks at ∼2800 K within 4 ms.

or comparison, the bare wire temperature ramps to ∼1400 K in

 ms. The flame temperatures of the Al/AP/NC composites with

ifferent Al/AP ratios were also measured, and the corresponding

diabatic flame temperatures calculated using the Cheetah soft-

are, are shown in Fig. 5 b. Both of the calculated and experimental

ame temperatures peak at the stoichiometric ratio of Al/AP, but in

ll cases the experimental measurements are several hundred de-

rees cooler than equilibrium calculation. 

We now explore why the ignition temperatures of Al/AP/NC

omposites tabulated in Table 1 are so low. We conducted slow

nd fast heating experiments using TG/DSC and T-Jump MS, re-

pectively. It is well known that AP decomposition can be di-

ided into a low temperature stage (LTS) and a high tempera-

ure stage (HTS) (as Fig. 6 shows). In the LTS, AP decomposes to

H 3 and HClO 4 via proton transfer on the surface and defects of

P crystals, which also serve to slow down further decomposi-

ion until higher temperatures [19,38,41] . The thermal behavior of

ommercial AP ( ∼170 μm), electrosprayed AP ( ∼1 μm), commercial

C (dry film), electrosprayed AP/NC ( ∼0.5 μm) and electrosprayed
l/AP/NC ( ∼0.5 μm) composites are shown in Fig. 6 . As Fig. 6 a

hows, commercial AP crystals ( ∼170 μm) show an endotherm

243 °C) that corresponds to the transition from orthorhombic to a

ubic phase. Further heating gives an exotherm (286 °C), followed

y an endotherm (405 °C). However, the endotherm (405 °C) peak

isappears when heating commercial AP in a pan with a pierced

id, while an exotherm occurs at ∼433 °C. It has been suggested

hat the particular nature of the thermogram depends on the com-

etition between sublimation (endothermic) and thermal decom-

osition (exothermic) [42,43,44] . 

For the electrospray AP the endothermic peak near 243 °C still

emains, but seems to be overwritten by an exothermic peak at

40 °C, which is probably induced by an early partial decomposi-

ion of AP. From Fig. 6 b, we can see that electrosprayed AP starts to

ecompose at 224 °C, nearly 50 °C earlier than commercial AP. The

ost significant change of electrosprayed AP compared to com-

ercial AP is the disappearance of the endothermic peak ( ∼405 °C)

aused by sublimation. The major decomposition exothermic peak

f electrosprayed AP shows up at ∼329 °C, which is ∼100 °C earlier

ompared to commercial AP (further confirmed by TGA in Fig. 6 b).

e contribute this change partially to the much faster heat con-

uction among electrosprayed AP particles ( ∼1 μm) compared to
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Fig. 6. Heat flow results (a) weight-loss curves (b, up is exothermal) from TG/DSC test (5 K/min) of commercial AP (with and without lid), NC, electrosprayed AP, AP/NC, and 

Al/AP/NC composites. 

Fig. 7. Time-resolved released species intensities from AP (a), AP/NC (b) and Al/AP/NC (c) in T-Jump MS, and the possible ignition process of Al/AP/NC composites (d). 
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commercial materials ( ∼170 μm), but perhaps more importantly to

the recrystallization of AP with more defects [39] . As Fig. 6 a and b

shows, NC has completely decomposed by ∼190 °C. With the addi-

tion of NC, the electrosprayed AP/NC has a smaller size of ∼0.5 μm.

The endothermic peak of phase transition almost disappear owing

to the thermal decomposition of NC and early thermal decompo-

sition of AP. Moreover, the major thermal decomposition of AP/NC

peaks at ∼306 °C, which is almost 130 °C earlier compared to the

commercial AP. 

The TG/DSC curves between Al/AP/NC and AP/NC composites

show no difference except the decomposition heat. The decompo-
ition heat ( ∼2796 J/g) for Al/AP/NC is > 50% and 160 % larger when

ompared to electrosprayed AP/NC ( ∼1824 J/g) and AP ( ∼1080 J/g),

espectively. It is possible however that the alumina cap on the Al

Ps might catalyze the decomposition but doesn’t itself participate

ecause of the temperature is too low for Al oxidation reaction. 

The ignition temperatures of the Al/AP/NC composites with

arying NC content were also measured. The SEM images of the

l/AP/NC composites with different NC content can be found in

ig. S4. The Al/AP composites without NC (produced by electro-

pray) had an ignition temperature of ∼1400 K (Fig. S7), which

ay be due to the large AP crystals ( > 2 μm), large aggregation
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Fig. 8. High resolution SEM (a and b)/TEM (a-1, a-2, b-1 and b-2) images and diffraction patterns (left insert images of a-2 and b-2) of final products from TG/DSC experi- 

ments of (a) Al NPs and (b) Al/AP/NC composites (5 °C/min, to 10 0 0 °C in argon). 

Fig. 9. Schematic of the two different mass transfer mechanism of Al NPs and Al/AP/NC upon heating. 
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f Al NPs and poor mixing of Al with AP ( Fig. 4 b and 4 b-1). Af-

er adding a small percentage of NC (from 1 wt% to 10 wt%), the

gnition temperatures of the composites drop dramatically to the

elting point of Al NPs ( ∼933 K), which traditionally is the lower

imit for Al-based thermite ignition. With the NC content further

ncreases to 14 wt% and 22 wt%, the ignition of the composites oc-

urs at ∼730 K, which is ∼200 K lower than Al’s melting point. 

We now turn our attention to fast heating as shown in

ig. 7 a–c. AP decomposition ( Fig. 7 a) shows oxygen evolution

500 K, which is corresponding to the low temperature stage (LTS)

ecomposition of AP. The major decomposition products, HCl and

lO 3 peak at ∼680 K, which corresponds to the high temperature

tage (HTS) of AP decomposition. From Fig. S5a, we can see hydro-

arbons, oxycarbide and oxynitride etc. early in the process, and is

ndicative of NC decomposition at low temperature. With the ad-

ition of NC, as Fig. 7 b shows, the AP/NC shows reduced O 2 owing

o its participation in NC’s decomposition. However, we also ob-

erve much higher O/NH 2 , ClO 3 peaks owing to the promoted AP

ecomposition attributed by NC. With the addition of Al NP’s we

bserve in Fig. 7 c, much higher ClO 3 and HCl. The major degrada-

ion products such as ClO 3 , ClO 2 , ClO, HCl and O 2 (Fig. S5) from AP

ppears at ∼630 K and peak around ∼750 K ( Fig. 7 a and Fig. S5b)

hile the ignition temperature for the Al/AP/NC composites was
easured as ∼700 K, which is further confirmed by the spectra in

ig. S5d, where AlO and Al 2 O appear. 

Based on these results we conjecture as to why the electro-

prayed Al/AP/NC composites can be ignited at such low temper-

tures. The most likely explanation is that the high dispersion of

P/Al/NC system as generated by the electrosprayed mesoparticles

nables for a better exposure of the alumina shell in Al NP’s to the

P decomposition products which are highly corrosive (acid gases)

45] . Evidence for interaction with the alumina shell comes from

ur mass spectrometry results showing AlCl 2 species (Fig. S5d),

hich appear at the same time as AlO and Al 2 O. 

To further corroborated this mechanism we conducted slow

eating (5 °C/min) studies in argon to 10 0 0 °C of Al NPs and

l/AP/NC composites. The resultant solid products were inspected

y SEM. For Al NPs case, as Fig. 8 a shows, the resultant particles

re hollow indicating that molten aluminum has leaked through

he alumina shell (Fig. S9a), but that the shell has maintained its

ntegrity. The shell thickness is around 6–16 nm, which varies with

he size of particles. The shells mainly consists of γ -Al 2 O 3 (PDF

10-0425), which is confirmed by electron diffraction patterns and

he lattice parameters. These results are consistent with prior work

n heating of Al NPs above its melting point [46–52] . In con-

rast for Al/AP/NC case, as Fig. 8 b and 8 b-1 shows, almost every
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particle has a hole(s) in the surface. And while the particles also

have a hollow structure their shell seems to be thicker as com-

pared to the case of Al NPs. The electron diffraction patterns and

lattice size in Fig. 8 b- 2 also confirm the material is primarily γ -

l 2 O 3 . This results is corroborating evidence for the degradation of

the alumina shell by AP decomposition products. 

Generally, the oxidization process of Al NPs can be roughly di-

vided into two main stages by the Al melting point. Below the

Al melting point, the diffusion of oxygen or aluminum species

through the oxide layer is slow, but will considerably increase af-

ter melting, driven by internal pressure gradients and built-in elec-

tric fields among the particles [46–47,53] . As a consequence, of the

higher diffusivity of Al ions, the final particles are hollow with a

much thicker shell [49] ( Fig. 9 a and Fig. S9a). With the addition

of AP which releases acid gases as low as ∼630 K reaction with

the alumina shell commences, significantly weakening it and pre-

sumably leading to cracks and holes which expose unreacted alu-

minum to the oxidizer ( Fig. 9 b and Fig. S9b). The formation of an

encapsulated structure enhances the contact between AP and Al

NP’s, which promote the acid gas attack on the alumina shell, and

thus lowering ignition temperature. 

4. Conclusion 

In summary, we use electrospray techniques to fabricate

Al/AP/NC composites with well-dispersed Al NPs encapsulated

within an AP/NC matrix. The ignition temperature, reactivity and

flame temperature of different Al/AP composites with different NC

content and Al/AP ratio were characterized. The composites with

14 wt% NC ( ∼0.5 μm) show ignition temperatures ∼200 K lower

than Al melting point, possesses a high gas generator ability, as

well as high flame temperature. The possible mechanism of the

early ignition of the composites was also proposed and investi-

gated. We attribute the low ignition temperature to the release

of acid gas from AP which can etch the alumina shell. This paper

might provide a potential approach for making high-speed burning

propellant in one step. 
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