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Silica particles are known to enhance the combustion of aluminum (Al) and ammonia perchlorate 

(AP) based energetic materials although the role of silica remains unknown. In this paper, AP/SiO 2 

mesoparticles ((AP/SiO 2 ) m 

) and Al/(AP/SiO 2 ) m 

composite particles were prepared and the thermal prop- 

erties/reactivity evaluated. Composites with 7 wt% SiO 2 have a reactivity ∼7 times higher than that of 

Al/AP. The ignition temperature of Al/(AP/SiO 2 ) m 

was also found to be ∼100 °C lower compared to that 

of Al/AP. The thermal decomposition process of (AP/SiO 2 ) m 

and Al/(AP/SiO 2 ) m 

composite particles were 

investigated using both low and high heating rates. During slow heating, with the addition of silica, the 

decomposition of AP transitioned from a slow two-stage to a rapid one-step process. At high heating rate, 

the release temperature of ClO 2 and O 2 from AP is below ∼400 °C, while for (AP/SiO 2 ) m 

case, the peak 

release temperature is much higher at ∼650 °C, when Al NPs reach its melting point and are ready to 

react. This may explain why Al/(AP/SiO 2 ) m 

shows higher reactivity than Al/AP composite particles. 

© 2018 Published by Elsevier Inc. on behalf of The Combustion Institute. 
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1. Introduction 

Solid propellants with a wide range of burning rates [1] have

been developed although only a few have found widespread ap-

plication. One common formulation [1] consists of ammonium

perchlorate (AP, oxidizer), aluminum (Al, fuel) and hydroxyl–

terminated polybutadiene (HTPB, binder) as the primary compo-

nents [2,3] . More recently, new binders such as glycidyl azide

polymer (GAP) [4,5] and polyvinylidene fluoride (PVDF) [4] have

attracted increasing attention because they not only act as binders

but also participate in the energy release. Significant effort have

been invested to tune the burning rate by increasing the ther-

mal conductivity with embedded metal wires [6] , graphene sheets

[7–9] , and replacing micro-sized components with nano-sized ones

[10–13] . Catalysts such as iron oxide and copper oxide have also

been added [4,5] to promote the decomposition of AP. Addition-

ally, by achieving high interfacial area between catalyst and AP as

well as raising the contact area between the Al and AP, the burning

of the propellant can be promoted [2,14–22] 

One of the key factors that affect the propagation velocity is

the mode and facility of heat transfer. As mentioned above, en-

hancing heat conduction with the incorporation of metal wire

or graphene has been shown to promote the burning rate [6–9] .
∗ Corresponding author. 
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owever, oddly, there are reports that adding a low heat conduc-

ive material, thought to be chemically inert, has been observed to

ncrease the burning of propellants of AP based energetic materi-

ls [17,23–25] . Romodanova and Pokhil [23] measured the burning

ates of Al/AP with different additives and found that a 1 wt% addi-

ion of SiO 2 was the most efficient burning rate promoter at both

ow and high pressures, superior to both Fe 2 O 3 and V 2 O 5 . The au-

hors suggested that the silica disturbs the integrity of the Al oxide

hell, promoting the oxygen access to the metal fuel [23] . Shioya

t al. [24] added a silica-based, diatomaceous earth (88 wt% SiO 2 )

nto a propellant and found ignitability and burning characteris-

ics were both enhanced. They proposed that the low thermal con-

uctivity of SiO 2 promoted the formation of hot spots [24] . Both

he above two studies suggest a physical enhancement mechanism

f SiO 2 on the combustion of Al/AP. However, Luo and coworkers

17] found that the addition of SiO 2 cryogel boosts the decompo-

ition of AP and increases its heat release. In our previous work,

he burning rate of Al/PVDF film with 5 wt% mesoporous silica was

ound to be three times higher compared to that of Al/PVDF with-

ut silica [25] . Further investigation shows that mesoporous sil-

ca promoted the decomposition of PVDF, suggesting a synergetic

hemical and physical effects. It is noted that the objective of these

tudies is not to create a propellant with high energy density since

ilica is an inert component which reduces the total energy density

17,23–25] . 

In this paper, to investigate the role of silica in Al/AP based en-

rgetic materials, a close-assembly of (AP/SiO 2 ) m 

was prepared by

https://doi.org/10.1016/j.combustflame.2018.11.021
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 spray-drying process and then mixed with Al NPs to form an

l/(AP/SiO 2 ) m 

composite. The effect of silica on the thermal de-

omposition of AP and Al/AP was investigated by slow and high

eating rate techniques. And the reactivity of Al/(AP/SiO 2 ) m 

com-

osite was also evaluated in a confined combustion cell. The com-

osites with 7 wt% SiO 2 showed a ∼7 times higher reactivity and a

ower ignition temperature (100 °C lower) than conventional Al/AP.

urther investigation found that silica nanoparticles promote the

ecomposition of AP with enhanced O 2 and ClO 2 generation at the

oint where Al NP’s melt. 

. Experimental section 

.1. Chemicals 

Al NPs ( ∼85 nm, 81 wt% active aluminum, confirmed by TG)

ere purchased from Novacentrix. Ammonium perchlorate (AP,

170 μm, 99.8 wt%) was purchased from Sigma-Aldrich Corp. Col-

oidal silica (SNOWTEX ST-PS-S, 15-16 wt% SiO 2 ) was purchased

rom Nissan Chemical Industries, and Ltd. Hexane (BDH, 98.5%

-hexane) was purchased from VWR International. All chemicals

ere used as received. 

.2. Preparation of fine AP and AP/SiO 2 mesoparticles ((AP/SiO 2 ) m 

) 

AP fine particles ( ∼1 μm, Fig. S1) were prepared by conventional

pray drying [26] . An AP aqueous solution with 5 wt% AP (commer-

ial AP dissolves in deionized water) was aerosolized by an atom-

zer with dry air ( ∼35 psi) and passed through a silica gel tube to

ehydrate, followed by a complete dehydration in a tube furnace at

50 °C. The obtained fine AP powders were collected on a mem-

rane filter with a pore size of ∼0.4 μm and stored at ∼85 °C to

revent morphological changes due to its hygroscopicity. The silica

el was baked at ∼80 °C overnight before using. For (AP/SiO 2 ) m 

reparation ( Fig. 1 a), commercial AP particles and colloidal silica

ere dissolved and dispersed in deionized water (DI water), re-

pectively. After 30 min sonication and 24 hour stirring, the col-

oidal solution was spray dried at 150 °C to obtain (AP/SiO 2 ) m 

. The

repared AP and (AP/SiO 2 ) m 

particles are shown in Figs. S1 and S2.

.3. Preparation of physically mixed Al/AP and Al/(AP/SiO 2 ) m 

omposites 

The Al/AP and Al/(AP/SiO 2 ) m 

composite particles were prepared

y a conventional physical mixing method. A stoichiometric ratio

f Al and AP (or (AP/SiO 2 ) m 

) was weighed and added to a vial with

0 mL hexane. Note that silica is counted as an additive rather than

n oxidizer when calculating the ratio. After 30 min ultrasonica-

ion, the uncovered vial was placed in a fume hood overnight to

ry. Then the dry powders were broken gently with a spatula. All

he thermite samples were stored in a desiccator. 

.4. Structure characterization 

The mesoparticles and composite particles were characterized

sing a Hitachi SU-70 scanning electron microscope (SEM) cou-

led to an energy dispersive spectrometer (EDS). The (AP/SiO 2 ) m 

ere also characterized by transmission electron microscopy (TEM)

JEOL 2100F field-emission instrument). The crystal structures of

he (AP/SiO 2 ) m 

with different SiO 2 content were characterized by

owder X-ray diffraction (XRD, Bruker D8 with Cu K radiation).

e Bail refinements of all the patterns were performed with the

OPAS 4.2 software [27] to obtain their crystallite size and cell

olume. 
.5. Thermal decomposition properties 

Thermogravimetry/differential scanning calorimetry (TGA/DSC) 

esults were obtained with a TA Instruments Q600 in an argon at-

osphere (flow rate: 100 mL/min) coupled to a mass spectrometer

MS) with a heating rate of 5 °C/min. The mass loading was ∼5 mg,

nd the heat flow was normalized by mass. Heating rates (1, 2,

, and 8 °C/min) were varied for both AP and AP/SiO 2 samples

in argon with a flow rate of 100 mL/min) to calculate the appar-

nt activation energy of decomposition with the different reaction

ontent by Ozawa method [28–30] . Derivative thermogravimetric

nalysis (DTG) result was obtained by taking the derivative of TGA

urve. 

Temperature-Jump/Time-of-Flight mass spectrometry (T- 

ump/TOFMS) was used to characterize the species released during

ast heating. The details of T-Jump/TOFMS system can be found in

he reference [31] . Typically, a ∼10 mm long platinum (Pt) filament

 ∼76 μm in diameter) coated with the sample ( ∼4 mm long) was

esistively heated to ∼1200 °C (heating rate of ∼1.2 × 10 5 °C s −1 ). 

.6. Combustion cell measurements 

The details of the combustion cell experiment can be found

n our previous study [32] . The combustion cell has a constant

olume of ∼20 cm 

3 , in which a pressure senor and an optical

mission senor were built in. For a typical experiment, 25.0 mg

f sample was placed in the cell and ignited by joule heating

ith a nichrome coil. Once ignited, the pressure-time and optical

mission-time curves were recorded by the sensors and processed

y the data acquisition devices. The pressurization rate (dP/dt) is

efined as the initial slope of the pressure rise, and the FWHM

urn time is defined as the full-width half-maximum of the optical

mission curve. For one sample, the experiments were replicated

n triplicate. Peak pressure represents to the gas generating abil-

ty of measured energetic materials, while pressure rise rate corre-

ponds to the burn rate and burn time has inverse correlation to

urn rate. 

. Results and discussions 

.1. Preparation of AP and (AP/SiO 2 ) m 

(AP/SiO 2 ) m 

particles with different silica content were prepared

y a spray-drying process, as shown in Fig. 1 a. The SEM, EDS, and

EM images of the formed (AP/SiO 2 ) m 

with 20 and 50 wt % silica

re shown in Fig. 1 (AP/SiO 2 at other ratios are shown in Fig. S2).

s the SEM images ( Fig. 1 b and c) show, the prepared particles are

pherical with a size distribution of 0.2–2 μm (average ∼1 μm). In-

ividual AP crystals were not observed to form (SEM, and the EDS

esults in Fig. 1 b-1 and 1c-1) indicating that the AP was distributed

omogeneously within the whole mesoparticle. TEM images reveal

hat nano-silica particles ( ∼10–15 nm) form mesoparticles with the

P embedded into the mesoporous structure. The (AP/SiO 2 ) m 

with

0 wt% silica showed larger pores compared to 50 wt% because of

arger loading of AP. Compared to the AP fine particle which has

n issue of storage because of its hygroscopicity [33] , the prepared

AP/SiO 2 ) m 

are stable without any morphology change in the at-

osphere for 2 months (Figs. S1 and S2). 

The XRD patterns for commercial AP, sprayed fine AP (without

ilica, the same process as above), and (AP/SiO 2 ) m 

with different of

iO 2 content (10–70 wt%) are shown in Fig. 2 a. As the figure shows,

nly single-phase AP (PDF#: 43-0648) was detected in the XRD,

s the silica is amorphous. Nevertheless, the AP XRD is sensitive

o the mass fraction of silica employed. Increasing silica content

eans closer packing of nanoparticles which provides higher sur-

ace area for the nucleation of AP crystallization but leaves smaller
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Fig. 1. Preparation approach (a), SEM (b, c), EDS mapping (b-1, c-1), TEM (b-2, c-2) and schematic showing (b-3, c-3) (AP/SiO 2 ) m with different silica content (b, 20 wt% 

silica; c, 50 wt% silica). 

Fig. 2. XRD (a) commercial AP, spray-dried AP and (AP/SiO 2 ) m with various silica content. (b) Calculated AP crystallite size and AP cell volume of AP/SiO 2 with various silica 

content. (Note: Silica content changes from 0 wt% to 70 wt%). 
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spaces for growth, as evidenced by the broader peaks. Le Bail

refinements by the TOPAS 4.2 software gives the crystalline size

and cell volume as a function of silica loading and are plotted in

Fig. 2 b. With the increase of silica content, the crystallite size of AP

decreases from ∼250 nm to ∼20 nm while the cell volume remains

constant at ∼400 Å 

3 . Thus, the mesoporous silica, within which

the AP is integrated, serves as a matrix to limit the growth of AP

crystals, resulting in reduced crystalline size. 
.2. Reactivity of Al/(AP/SiO 2 ) m 

composite particles 

The fine AP particles and (AP/SiO 2 ) m 

were physically mixed

ith Al NPs and the dry powders (Fig. S3) were ignited in

he combustion cell. The peak pressure/pressure rise rate and

he burning time results are shown in Fig. 3 a and b, respec-

ively. From Fig. 3 a, we can see that both the peak pressure and

ressure rise rate increase linearly from 2 to 7 wt% silica. The peak
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Fig. 3. Peak pressure (a, square marker), pressure rise rate (a, round marker) and burn rate (b) of Al/(AP/SiO 2 ) m composites with various contents of silica (0 wt% to ∼60 wt%). 

Fig. 4. TGA/DTG (a) and DSC (b) results of AP and (AP/SiO 2 ) m (50 wt% silica) with a heating rate of 5 °C/min. 
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ressure and pressure rise rate of the 7 wt% case is ∼2.5 × and ∼7 ×
hat of Al/AP without silica. Correspondingly, the burn time of the

l/(AP/SiO 2 ) m 

composite (7 wt% silica) is only ∼2 ms, which is ∼1/4

f the Al/AP without silica case. As Fig. 3 a shows, when the silica

oading was increased further, both the peak pressure and pressure

ise rate decreased rapidly. However, as Fig. 3 a shows, the reactiv-

ty of the composites with 13 wt% silica is still higher than Al/AP. 

.3. Thermal decomposition of AP/SiO 2 (slow heating rate) 

The thermal decomposition of (AP/SiO 2 ) m 

(50 wt%) and neat

ne AP, at low heating rates (TGA/DSC/MS, 5 °C/min) is shown in

ig. 4 a and b. The decomposition of neat AP shows the familiar

wo stage decomposition (low and high temperature decomposi-

ion stages, LTD and HTD for short) [34–36] ( ∼310 °C and 435 °C),

owever addition of silica (AP/SiO 2 ) m 

occurs in a single step, with

 peak at 370 °C. A well-accepted theory is that the decomposi-

ion of AP is triggered by proton transfer on the crystal surface,

34–36] followed by decomposition to NH 3 and HClO 4 . While some

H 3 appears to be oxidized by the HClO 4 on the surface (where

TD comes from) but most of the surface generated NH 3 is ab-

orbed into pores and accumulate around the crystals. The ab-

orbed ammonia limits further proton transfer and thus passivates

he surface of AP, retarding decomposition. As the temperature in-

reases, NH 3 will be desorbed leading to the HTD decomposition

34–36] . It is also known smaller AP particles undergo a smaller
TD and a larger HTD step [34–37] . Consequently, because the AP is

mbedded within the SiO 2 matrix mesoparticles and is thus much

maller ( < 100 nm, Fig. 1 b- 2 and 1c-2), no obvious LTD is seen in

ig. 4 a. 

Another possible reason is that the AP crystals ( < 100 nm) are

ocked in the mesoporous silica, since silica is a good adsorbent

or ammonia [38–40] , and thus, we observe very limited mass loss

n the LTD region since the ammonia is fixed. When the tempera-

ure exceeds > 300 °C, ammonia is evolved, and this internal pres-

urization results in disassembling of the (AP/SiO 2 ) m 

and rapid re-

ction between NH 3 and HClO 4 , resulting in one-step decomposi-

ion of AP. The activation energy of AP and AP/SiO 2 obtained by

he Ozawa method at heating rates of 1, 2, 4 and 8 °C/min are

hown in Figs. S4 and S5, respectively. We find that AP/SiO 2 ac-

ually has a higher apparent activation energy ( ∼130 kJ/mol) than

eat AP ( ∼100 kJ/mol), which initially sounds contrary to the gen-

ral logical being presented, however, this higher activation energy

s likely a manifestation of the elimination of the LTD stage and in

ny case the relative differences in activation are not sufficient to

nfer any major significance. 

Evolved species including N 2 O, O 2 , NO 2 (or NO), H 2 O and NH 3 

rom the decomposition of AP and (AP/SiO 2 ) m 

are shown in Fig. 5 a

s a function of temperature under slow heating (5 °C/min in

rgon). Consistent with TGA, the LTD and HTD, are clearly observed

or the neat AP, while in the presence of silica the LTD is lost

nd a narrower and more intense gas evolution peak is seen at
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Fig. 5. MS results. Blue: AP/SiO 2 ; Black: AP (a), normalized (by mass of AP) NO 2 (or 

NO) and N 2 O gas released from AP (b) (AP/SiO 2 ) m (c) at a heating rate of 5 °C/min. 

Note: The signal of NO 2 or NO (30) presented is after removal of the contribution 

from N 2 O (44) fragmentation. The signal of NH 3 (17) presented is after removal of 

the contribution from H 2 O (18) fragmentation to OH. The standard MS spectrum of 

N 2 O (44) and H 2 O (18) was obtained from the NIST-webbook. (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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higher temperatures. As Fig. 5 b shows, NO 2 is the primary reaction

product initiating at ∼370 °C consistent with prior results [34–36] .

However, for AP/SiO 2 ( Fig. 5 c), NO 2 and N 2 O were released simul-

taneously with similar intensity, clearly confirming a one-step de-

composition. 

3.4. Ignition of Al/AP and Al/(AP/SiO 2 )m composite particles (T-Jump 

fast heating rate) 

The ignition of Al/AP and Al/(AP/SiO 2 ) m 

composites (SEM im-

ages in Fig. S3) were investigated on a fast heating wire (Pt fil-

ament, ∼76 μm in diameter), which was coated with the sample

( ∼4 mm long) and resistively heated to ∼1200 °C (heating rate of

∼1.2 × 10 5 °C s −1 ) in argon, from which, ignition snapshots were

recorded (76,0 0 0 frames per second) and the ignition temperature

obtained, as shown in Fig. 6 . Compared to Al/AP, the Al/(AP/SiO 2 ) m 

(7 wt% silica) composites clearly show a much more violent reac-

tion with a larger and brighter flame. The ignition temperatures of

Al/AP and Al/(AP/SiO 2 ) m 

(7 wt% silica) based on the ignition delay

times are ∼800 °C and ∼700 °C, respectively. As the TG/DSC/MS

results ( Figs. 4 and 5 ) show, AP releases oxidants; N 2 O and O 2 , at

a low temperature ( ∼270 °C), but is actually too low for Al to react.

The high melting point of Al (660 °C) leads to the long ignition de-

lay till the HTD of AP, when NO is released. As our previous study
2 

Fig. 6. T-Jump ignition of Al/AP and Al/(A
hows [14] , the Al/AP/NC composites (Al NPs were encapsulated in

P/NC matrix) ignited ∼230 °C lower than the Al melting point.

e found that Al/AP/NC released much more HCl, than Al/AP mix-

ure, and this serves to etch alumina and lower the ignition tem-

erature, by exposing the still solid Al fuel. In this study, while the

gnition temperature was lowered it was still above the Al melt-

ng point, probably owing to the much larger distance between Al

nd AP in the physical mixture compared to the Al–AP core–shell

tructure. 

.5. T-Jump MS of Al/AP and Al/(AP/SiO 2 ) m 

composite particles 

The reaction dynamics under high heating rate were charac-

erized by a T-jump/TOFMS with the temporal evolution of the

ighest concentration reaction products ClO 2 , O 2 , NH 3 , HCl, HClO,

O 2 (or NO) and N 2 O shown in Fig. 7 . It is quite clear that

l/(AP/SiO 2 ) m 

releases more ClO 2 , O 2 , HCl, and NH 3 , compared to

l/AP case. It is noted here that the release of oxide gas species

uch as ClO 2 , O 2, and NO 2 from Al/(AP/SiO 2 ) m 

peak at ∼600–

00 °C, which overlaps the melting point of Al NPs (660 °C)

hen Al is ready to react. However, for the Al/AP particles, the

xide gas species were released maximally at ∼400 °C, which

s ∼250 °C lower than Al melting point. Figure 7 also shows a

uch higher concentration of HCl from Al/(AP/SiO 2 ) m 

compos-

te particles, which is known to etch Al 2 O 3 and promote igni-

ion as discussed above [14] . Figure S6 confirms this interac-

ion through SEM/EDS which shows chlorine in the combustion

esidue of Al/(AP/SiO 2 ) m 

. The particle sizes of combustion residue

f Al/(AP/SiO 2 ) m 

( < 1 μm) were found to be smaller than those of

l/AP ( > 5 μm), indicating less sintering of Al NPs occurred dur-

ng combustion in Al/(AP/SiO 2 ) m 

. This post analysis also indicates

hat the silica mesoparticle is not seen, indicating disintegration to

he individual silica nanoparticles, ∼10–15 nm, and are shown in

ig. S7. 

.6. Mechanism of Al/(AP/SiO 2 ) m 

composite particles 

We summarize our understanding of the mechanism of the

gnition and combustion of Al/(AP/SiO 2 ) m 

composite particles in

ig. 8 . In a traditional Al/AP composition ( Fig. 8 a), the early stage

TD of AP has little impact since it occurs at a temperature too

ow for reaction with Al. It is only at the HTD step that ignition

f Al is observed. For the Al/(AP/SiO 2 ) m 

composite case however,

hown in Fig. 8 b, no obvious LTD step was observed, and ammo-

ia is absorbed to silica. At or near the HTD a more violent gas

elease aided by absorbed ammonia results in disassembly of the

ilica mesoparticles preventing sintering and enhancing Al com-

ustion. The enhanced HCl release should assist in weakening the

l O shell and thus lowering the ignition temperature of Al NP’s.
2 3 

P/SiO 2 ) m (7 wt% silica) composites. 
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Fig. 7. T-Jump MS results of Al/AP (dash line) and Al/(AP/SiO 2 ) m (7 wt% silica, solid line) at a heating rate of 1.2 × 10 5 °C/s. Normalized to N 2 (28). 

Fig. 8. Possible reaction mechanism of Al/AP and Al/(AP/SiO 2 ) m (7 wt% silica). 
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ven though SiO 2 has this benefit, it is worth to note that it is

till an inert component which not only reduces the energy den-

ity of propellants when added but also reduce the reactivity when

ts content is > 15 wt% owing to heat-sink effect. 

. Conclusion 

In this paper, (AP/SiO 2 ) m 

with different SiO 2 content were

repared. We found that the Al/(AP/SiO 2 ) m 

with 7 wt% SiO 2 has

 reactivity of ∼7 times higher than that of Al/AP while the

eak pressure was > 2.5 times higher. The ignition temperature

f Al/(AP/SiO 2 ) m 

(7 wt% SiO 2 ) was found to be ∼100 °C lower

ompared to that of Al/AP, with a much more violent reaction.

he decomposition process of AP and AP/SiO 2 composites were

nvestigated by TGA/DSC/MS and T-Jump MS at both low and

igh heating rate, respectively. At low heating rate, (AP/SiO 2 ) m 

de-

ompose in one-step, with much higher NO gas was released,
2 
ndicating a complete one-step high-temperature decomposition

HTD) compared to the typical two stages decomposition (LTD and

TD) in AP. At high heating rate, compared to Al/AP, Al/(AP/SiO 2 ) m 

eleased much more ClO 2 , O 2, and HCl, peaking at the tempera-

ure of ∼60 0–70 0 °C, corresponding to the melting point of Al NPs

when Al is ready to react). Additionally, HCl gas released assists in

tching the Al 2 O 3 shell. 
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