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A B S T R A C T   

To observe the agglomeration, an important parasitic process in metal composite combustion, sandwiched 
structures with laminates of aluminum (Al) and ammonia perchlorate (AP) layers are prepared and characterized 
by high-speed macro and microscopic imaging systems with pyrometry. The bilayer structure prepared by 
electrospraying was confirmed by Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS) 
and the composition was confirmed by thermogravimetric analysis/differential thermal calorimetry (TGA/DSC). 
We found that the burn rate of the Al/AP sandwich films increases with the decrease of bilayer thickness of Al 
and AP, owing to the shorter diffusion distance between fuel and oxidizer. More importantly, the complete 
process of the agglomeration/sintering of Al nanoparticles (NPs) is observed in-situ, which demonstrates the 
different stages of agglomeration process of Al NPs. Temperature measurement from pyrometry reveals the 
temperature of agglomerates during combustion, consistent with the agglomerate size and burn rate observation. 
Simple calculations based on “pocket-theory” support the observed changes in agglomeration size with bilayer 
thickness.   

1. Introduction 

Aluminum (Al) particles are commonly used as additives in energetic 
composites such as propellants, explosives, and pyrotechnics to increase 
the overall energy density [1–6]. Compared to conventional Al micro-
particles, the nano-sized counterparts offer a higher energy release rate 
and much lower ignition temperature (1000 K vs 2300 K) [7–9]. How-
ever, due to the high specific surface area, nano-sized Al particles suffer 
from processing difficulties that limit the overall mass loading that can 
be achieved [10,11], as well as severe pre-combustion sintering and 
in-combustion agglomeration/sintering [12–14]. These effects rapidly 
increase the effective burning size of Al particles during combustion, 
lowering the burning and energy release rates, and effectively muting 
much of the theoretical benefits of going to the nanoscale. 

The agglomeration of micro-sized aluminum (Al) particles has been 
commonly observed and studied in solid propellants and recent studies 
indicate that losses in specific impulse (two-phase loss) attributed to 
agglomeration may cancel out the advantages of the addition [15–17]. 
Such studies normally characterize the agglomerates of Al using ex-situ 
techniques, such as by quench/capture during burning, followed by 

electron-microscopic characterization [18,19]. Recently, in addition to 
ex-situ studies, in-situ techniques such as time-resolved X-ray imaging 
[20–22] and digital in-line holography [16,17] have been employed to 
obtain more detailed information about the formation process and 
movement of the Al agglomerates in solid propellants. High-speed mi-
croscopy and pyrometry have been found to be useful techniques to 
observe the agglomeration of nanosized Al particles at high spatial (µm) 
and temporal (µs) resolution [23–25]. In our more recent works, we 
were able to directly observe and engineer changes to Al agglomeration 
and flame propagation in composites with the addition of either reactive 
or non-reactive fibers [26,27]. The same technique was also used to 
monitor and characterize the stand-off flame distances and flame 
behavior from Ti/Ca(IO3)2 pyrolant composites [28]. 

Despite these and other efforts, the details of Al agglomerate for-
mation at early stages are still unclear [3]. In this study, as shown in 
Fig. 1a, we refer to “Al aggregates” as those materials that are the 
starting structures of pre-ignition/combustion. Upon being heated to 
near the melting point of Al (933 K), the core begins to melt and diffuse 
into the shell, making it softer and thus enabling sintering and loss of 
surface area [14]. With the significant onset of the highly exothermic 
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oxidation reaction, “sintering” is accelerated and burning results in 
larger droplets with evidence of phase separation between Al2O3 and Al. 
This finally leads to the well-known “snowman” droplet. The final size of 
the Al agglomerates (snowman structure) can be affected significantly 
by the size and size distribution of the oxidizer – ammonium perchlo-
rate. Apparently, replacing conventional Al microparticles with Al NPs 
can also largely reduce the size of Al agglomerates. These connections 
between propellant microstructure and agglomerates were addressed by 
a “pocket” model [29–31]. As shown in Fig. 1b, A “pocket” is the volume 
of the fuel – Al NPs occupied, which is outlined by the oxidizer particles. 
Previously, we successfully engineered the size of the Al agglomerate by 
using different size and morphology coper oxide particles/wires to tune 
the “pocket” size of Al [26]. 

As we know, heterogeneous compositions of fuel (aluminum, Al), 
oxidizers (ammonium perchlorate, AP), and the binder (Hydroxyl- 
terminated polybutadiene, HTPB) are randomly packed in solid pro-
pellants, which at the microscopic level leads to a complex burning 
surface. To gain a deeper understanding of the interaction between the 
binder combustion and the fuel-oxidizer diffusion-reaction associated 
with gas/heat release, we need a more precise and controlled method for 
manipulating mixing and diffusion distances. To that end sandwiched 
structures of solid propellants with laminates of AP and HTPB have been 
studied. Previous studies have emphasized the importance of the 
leading-edge flames (LEF) between oxidizer rich layer (AP) and fuel 
layer (HTPB) in non-aluminized propellants, which is affected by the 
packing of different size AP particles [32–38]. On the other hand, 
morphological restructuring of the metallic fuel has not been a focus 
[39]. 

In this work, we simplified the 3D complex heterogeneous compo-
sition of Al/AP/binder with two dimensional Al/AP laminate (Fig. 1b). 
Nitrocellulose (NC) was chosen as the binder due to its relatively low 
decomposition and ignition temperature (~200 ◦C). The Al/AP laminate 

sandwich films with a total thickness of ~100 µm and different bilayer 
thicknesses of Al and AP are prepared by electrospray deposition. The 
thickness of Al layer in the sandwich laminate can be regarded as the 
“pocket” size of Al aggregates in a solid propellant (Fig. 1b). The films 
are burnt in an inert environment and characterized by both macro-
scopic and microscopic high-speed imaging of the combustion. We 
found that the burn rate of the films decreases with the increase of layer 
thickness, owing to the longer diffusion distance between fuel and 
oxidizer. More importantly, the complete process of the agglomerating 
of Al NPs is observed in-situ and the relationship between the agglom-
eration size and the burn rate is demonstrated. Simple calculations based 
on “pocket-theory” support the observed changes in agglomeration size 
with the layer thickness. 

2. Experimental section 

2.1. Materials 

Aluminum nanoparticles were purchased from Argonide Corporation 
with an average size of ~50 nm and an active content of 67 wt% ac-
cording to thermogravimetric measurement. The Collodion solution 
(4–8 wt% in ethanol/diethyl ether) was obtained from Sigma-Aldrich. 
Ethanol (200 proof) was purchased from Koptec Inc. Diethyl ether 
(99 %) and N, N-Dimethylformamide (DMF, 99.8 %) were purchased 
from Fisher Scientific. Ammonium perchlorate (AP, reagent grade, 
~200 µm) was purchased from Alfa Aesar. 

2.2. Precursor preparation 

Nitrocellulose (NC) was obtained by drying the collodion solution 
(4–8 wt% in ethanol/diethyl ether) in a fume hood overnight. NC is 
chosen primarily due to its binding ability without much interaction 

Fig. 1. Morphologies (a) at different stages of sintering/coalescence and burning. A typical “pocket” structure and simplified “pocket” structure in a solid propellant 
gain and sandwich laminate Al/AP in this study (b). 
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with nano-Al particles. Unlike other binder candidate such as poly-
vinylidene fluoride (PVDF), which will react with Al and hinder the 
agglomerating process [24–28]. NC has low decomposition and ignition 
temperature ~200 ◦C, which decomposes into gas before Al can react 
(>660 ◦C). To prepare Al/NC precursor for the Al layer, 240 mg of the 
solid NC was dissolved in 4 mL DMF. Then 415.5 mg Al was added to the 
solution and dispersed by sonicating for 30 mins and stirring overnight 
magnetically. To prepare the AP/NC precursor for the AP layer, 240 mg 
of the solid NC was dissolved in 4 mL DMF, and then 704.5 mg AP was 
dissolved into the above solution. Different laminates used the same 
Al/NC and AP/NC precursors. The absolute mass of NC used in Al and 

AP layers in different laminates (3 L, 5 L, and 9 L) was the same (240 
mg), but the NC mass fraction is different owing to the different mass of 
Al and AP. Specifically, the NC content in the Al layer is 36.6 wt% while 
in the AP layer is 25.4 wt%. 

2.3. Electrospray deposition 

The details of the electrospray can be found in previous studies 
[40–43]. In a typical electrospray deposition experiment, the feed rates 
for Al/NC and AP/NC deposition were 1 mL/h and 2 mL/h, respectively, 
through a needle with an inner diameter of 0.043 mm. A rotating col-
lector covered with aluminum foil was used as a substrate to collect the 
laminate film. The voltages applied between the needle and substrate for 
Al/NC and AP/NC were 20 kV and 15 kV, respectively. The 
jet-to-substrate distance was kept at 4 cm for both cases. This distance 
was chosen empirically so that the spray was in a stable cone-jet mode 
and there was enough time for the solvent to evaporate. The total vol-
ume of Al/NC and AP/NC precursor sprayed for each film was kept at 
1.66 mL, while the thicknesses of each layer were adjusted by varying 
the duration of the spraying (volume used for each layer). For example, 
for a three layers (3 L) sandwich laminate, the Al/NC layer uses 1.66 mL 
of the Al ink while each AP/NC layer uses 0.83 mL of the AP ink. The 
composition of each ink is shown in Section 2.2. The obtained film was 
cut into 2 cm × 0.2 cm (length and width) for further combustion tests. 

2.4. Characterization 

Scanning electron microscopy (SEM, FEI NNS450) operating at 20 kV 
coupled with energy-dispersive X-ray spectroscopy (EDS) was utilized to 
analyze the thickness of the laminate films. Thermogravimetric analysis 
(TG) and differential scanning calorimetry (DSC) was performed on a 
Netzsch STA 449 F3 Jupiter thermal analyzer with a heating rate of 
10 ◦C/min in argon or oxygen as noted. 

Fig. 2. Setup of macroscopic and microscopic imaging systems used in 
this study. 

Fig. 3. Schematic showing (a), optical photo (3 layers, b-1), and SEM/EDS images (b-d) of Al/AP sandwich laminates with 3 (b), 5 (c), and 9 (d) layers prepared by E- 
spraying deposition. The red color represents AP/NC layer and the green color represents Al/NC layer. 
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2.5. Macroscopic and microscopic imaging 

The macroscopic and microscopic imaging systems are used in our 
previous studies [26,27]. The free-standing films were attached to steel 
support which is mounted to a 3D translational stage and was ignited by 
nichrome wire (Fig. 2). The whole stage was placed in a chamber (1 L) 
which would be filled in argon (1 atm) prior to performing the burn test. 
As Fig. 2 shows, there are two camera systems with different magnifi-
cations which can be triggered simultaneously to get two videos for a 
single event for both macroscopic and microscopic views. 

The macroscopic imaging high-speed camera (Vision Research 
Phantom Miro M110) captures the bottom view at a sample rate of 
13,000 frames/s (640×200 pixels) and the microscopic imaging system 
(Vision Research Phantom VEO710L high-speed camera coupled with 
Infinity Photo-Optical Model K2 DistaMax) records the top view with a 
resolution of ~2.2 µm/pixel at a sample rate of 24,000 frames per sec-
ond). The microscopic imaging system is used to focus a small area of <
1 mm2, while the macroscopic imaging system is employed to capture 
the whole film burning with a resolution of ~80 µm/pixel. Microscopic 
results are used to focus on the Al agglomerates and the flame front, and 
macroscopic results are employed to get the burn rate and flame 
temperature. 

The flame temperature was estimated with color pyrometry, the 
details of which can be found in our previous studies [44,45]. Briefly, 
the intensity of the three-channel Bayer filter (red, green, blue) was 
extracted to estimate the flame temperature as calibrated with a 
blackbody source (Mikron M390). The temperature maps were reported 
after the processing of raw videos using a house-built MATLAB routine. 
The error threshold for data acceptance and false colorization temper-
ature assignment was set to ~200–300 K. At least triple tests were 
conducted and the mean value with standard deviation was reported. 

3. Results and discussion 

3.1. Electrospray deposition of sandwiched AL/AP composite films 

As shown in Fig. 3a, the sandwiched Al/AP composite films are 

prepared by alternative electrospray deposition (Fig. 3a), using a total 
amount of 30 wt% nitrocellulose (NC) as the binder. The cross-sectional 
optical and scanning electron microscope (SEM) images of the prepared 
Al/AP sandwich laminates with different layers (L) of 3, 5, and 9 (3 L, 5 
L, and 9 L) prepared are shown in Fig. 3b–d. The total NC, Al, and AP 
content in different laminates (3 L, 5 L, and 9 L) are fixed at 30 wt%, 26 
wt%, and 44 wt%, respectively. The equivalence ratio between Al and 
AP is approximately 1. 

As the cross-sectional SEM/EDS results (Fig. 3b) and larger scale of 
optical images (Fig. 3b-1) show, one Al layer is sandwiched by two AP 
layers with a clear interface, rendering the thickness of the layers to be 
uniform. Three Al/AP sandwich films are fabricated with a fixed total 
thickness (95 µm) and different bilayer thicknesses, which are shown in 
Fig. 3b–d and Table 1. The Al layer varies from 11 µm to 45 µm while the 
thickness of the AP layer varies from 10 µm to 25 µm correspondingly. As 
Fig. 3c and d show, with the decrease of layer thickness, a more corru-
gated laminate is observed while the interface between fuel and oxidizer 
remains clear. AP crystalizes into ~5 µm size particles in different 
laminates after the electrospraying and causes corrugation of the lami-
nate layers when they approach ~10 µm. 

The composition of different Al/AP laminates were confirmed by 
TG/DSC results (Fig. 4), which shows the composites with different 
layers a nearly identical decomposition behavior. TGA displays a two- 
step decomposition, with the first step being the decomposition of NC 
and the second step being the decomposition of AP, as shown in Fig. 4(a) 
[46,47,48]. TGA results confirm that the NC content is 30 wt% in 
different laminates. There are mainly three exothermic peaks and one 
endothermic peak in DSC (Fig. 4(b)). The first exothermic peak corre-
sponds the decomposition of NC while the second and third peaks are 
the low temperature decomposition and high temperature decomposi-
tion of AP, respectively. The endothermic peak corresponds to the 
melting of Al. The fact that laminate with different layers has similar 
TGA/DSC features also indicate that the decomposition of NC and AP are 
unaffected by the layer thickness. 

3.2. In-situ observation of the agglomerating process of Al NPs 

The macroscopic and microscopic combustion snapshots of the 
sandwiched Al/AP laminate are captured by the experimental setup as 
shown in Fig. 3. Two cameras with different resolutions are used to 
observe the top and bottom view. 

Burn rate of the composite films is obtained from the macroscopic 
snapshots shown in supporting video 1. The burn rate of the 3-layer Al/ 
AP composite films is 0.5 cm/s, which is 10x lower compared to 
homogenously mixed energetic films such as Al/AP/PVDF (5 cm/s). 
From the macroscopic videos, we see the particles ejecting from the 

Table 1 
Thickness of Al and AP layer in different Al/AP sandwich laminates; Note: the 
total thickness of each film is 95 µm.  

Total 
layers 

# of Al 
layers 

# of AP 
layers 

Each Al layer 
(µm) 

Each AP layer 
(µm) 

3L 1 2 45 25 
5L 2 3 22 17 
9L 4 5 11 10  

Fig. 4. TGA/DSC results of Al/AP laminates with 3, 5, and 9 layers. The heating rate is 10 ◦C/min in argon. LDT: low decomposition temperature stage; HDT: high 
decomposition temperature stage. 
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burning surface, but the flame front and agglomerating process of Al NPs 
are barely seen due to their small dimensions. The NC in the film not 
only serves as a binder, but also serves as an igniter to Al and AP as NC 
ignites at a relatively low temperature (~200 ◦C) and releases energy to 
further decompose AP [46]. 

The microscopic snapshots demonstrating the combustion process of 
the single AP (Fig. 5a) and Al layer (Fig. 5b), as well as the sandwiched 
Al/AP laminate (Fig. 5c) in µm and µs spatial and time resolution are 
shown in Fig. 5. For the combustion of single layer of AP/NC, the flame 
is continuously propagating at a speed of 0.44 cm/s, which is close to the 
propagation rate (0.5 cm/s) of sandwiched Al/AP (3 layers). The 
measured average flame temperature of AP/NC (~25 wt% NC) at 
~1500 K (Fig. 5a) is slightly higher than the adiabatic flame tempera-
ture of AP (1400 K), which can be explained by the much faster chem-
istry than the heat dissipation. For the combustion of single layer of Al/ 
NC (~37 % wt% NC), upon the decomposition and heating of NC (4 kJ/ 
g), a layer of Al aggregates with a thickness of 50–100 µm is heated up to 
2000 K (Fig. 5b). As we know Al NPs starts to melt and sinter at its 

melting point of 933 K, thus at 2000 K, these Al NPs aggregates already 
melt/sinter and grow to form coral-like structures. It is noted that those 
coral-like sintered structures are growing in length but do not further 
coalesce into spheres due to the relatively low temperature (<2000 K). 
The relatively slow temperature increase at this stage is due to the fact 
that the intrinsic barrier - Al2O3 shell - still remains on the sintering Al 
(Fig. 5b) as the temperature of the agglomerate at this stage is much 
lower than the melting point of Al2O3 (2345 K) [25]. This highly hinders 
the further oxidation of Al and prevent the single Al/NC layer from 
self-propagating. 

For Al/AP sandwich structure, similarly, we see that the Al aggre-
gates in the Al layer with a thickness of ~50–100 µm are pre-heated up 
to 2000 K and the sintering is propagating and extending its length in the 
x-axis (Fig. 5c, 1ms). Meanwhile the flame from AP/NC provides energy 
and more importantly oxygen to further oxidize the melting/sintering 
Al. It is noted that the flame from AP/NC is invisible in Fig. 5c as the 
aperture and exposure time are tuned for observing much hotter and 
brighter Al agglomerates, but the flame of AP/NC is confirmed by 

Fig. 5. Top-view microscopic imaging snapshots and their corresponding temperature maps of single AP/NC layer (a), single Al/NC layer (b), and sandwiched Al/AP 
laminate (c, one Al layer sandwiched by two AP layers); whole process illustration (d) of Al NPs in Al/AP sandwich film. Note: the arrow on the temperature scale 
refers to the melting point of Al2O3 (2345 K). The thickness of the single AP/NC layer (a) and Al/NC layer (b) is 25 µm and 45 µm, respectively, corresponding to 
the laminate. 

Fig. 6. The pyrometry images (a) and cartoon illustration (b) of different temperature rise before and after Al2O3 cap being formed. Note: the 2.75 ms and 3 ms 
images in (a) were re-calcualted with a larger temperature range due to the saturated temperature of the flume in Fig. 5c. 
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imaging the single AP/NC layer as shown in Fig. 5a. 
As discussed above, without AP/NC layer, the single Al/NC layer 

only melts/sinters without further coalescing into a spherical agglom-
erate owing to the low flame temperature, as evident in Fig. 5b. With the 
help of energy and oxygen release from AP/NC, the Al/AP sandwich 
structure (Fig. 5c) has a similar coral-like sintering structure with tem-
perature of 2000 K at the beginning (1 ms), but raises its temperature to 
2200–2400 K by forming a spherical agglomerate at the tip of the sin-
tering structure (2 ms). Once the local temperature of the earlier sin-
tering Al aggregates (Fig. 5c, 2ms) approaches the melting point of 
Al2O3 (2345 K), the oxide shells in this hot region collapse and promote 
the formation of spherical agglomerate – a droplet along with the coa-
lescing of liquid Al inside the shells (Fig. 5c, 2 ms). As shown in Fig. 5c 
from 1 ms to 2 ms, it takes ~1 ms for the sintering Al aggregates (2000 
K) to transform into the first sphere (2300 K) at a rough heating rate of 3 
× 105 K/s, which continues growing at the tail by coalescing the 
remaining melted Al and Al2O3. 

The sphere continues growing (>2 ms) while reacting with the sur-
rounding oxygen, raising the temperature of the droplet above the 
melting point of Al2O3 (2345 K).As displayed in Fig. 5c, around 2.75 ms 
phase separation occurs between the Al and Al2O3, where Al2O3 forms a 
separate phase as a cap (darker area in the main body of agglomerate) on 
Al droplet due to its surface tension. As the Al2O3 retracts into a cap, the 
Al droplet is exposed directly to the surrounding oxygen, and the 
oxidation is further accelerated (Fig. 5d). The particle is surrounded by a 
diffusion flame of Al vapor (3 ms), which indicates the temperature on 
the interface between Al and O2 approaches the boiling point of Al 
(2740 K) [15–17]. The temperature increases from 2400 K to 2700 K 
takes <0.25 ms at a heating rate >1 × 106 K/s, as further illustrated in 
Fig. 6. 

The whole process of Al NPs in Al/AP sandwich film is illustrated in 
Fig. 5d, from which we divided the process into four stages: (1) sintering 
of Al aggregates heated by AP/NC flame; (2) Coalescence of Al aggre-
gates when the local temperature is close to the melting point of Al2O3; 
(3) Growing of Al droplet by coalescing, with phase separation between 

Al and Al2O3; (4) Detachment from the burning surface when the coa-
lescence is complete as the temperature is approaching the boiling point 
of Al. 

The dominating factor of Al sintering particularly in the early-stage 
process, is its temperature, which is controlled by the oxidation of Al 
with oxidant released from the decomposition of AP/NC. Without an 
oxidizer, the Al aggregates remain at low temperature and peel off from 
the burning surface slowly (~20 ms) without transforming into a droplet 
(Fig. 5b). With an oxidizer, the Al aggregates transform into spherical 
agglomerates at a heating rate of 105 K/s, and the heating rate is further 
promoted by an order of magnitude to 106 K/s when the Al2O3 cap is 
formed and the bare Al is exposed to oxygen environment, as experi-
mentally observed (Fig. 6a) and cartoon illustrated (Fig. 6b). 

3.3. Engineering agglomeration size and propagation rate by changing the 
thickness of sandwiched Al layer 

The agglomeration/sintering processes of Al NPs are observed at 
macroscopic and microscopic scales with different bilayers (3 L, 5 L, and 
9 L) of Al/AP sandwich films (See details in supporting video 1). The 
typical resulting particles formed before detaching the burning surface 
are temporally imaged, and shown in Fig. 7a–c, for 3 (Fig. 7a), 5 
(Fig. 7b), and 9 (Fig. 7c) layers of Al/AP laminates, respectively. The 
corresponding size distribution is provided in Fig. 7d. The particle size 
decreases with the increase of the bilayer numbers. That is, with the 
decrease of the layer thickness of Al/NC in the sandwiched films from 
45 µm (3 L) to 11 µm (9 L), the average size reduces from 83 µm to 40 µm 
or a factor of 9 in particle mass. In contrast, the burn rates of the 
sandwich films increase from 7 mm/s (3 L) to 28 mm/s (9 L) when the 
Al/NC layer thinning from 45 µm (3 L) to 11 µm (9 L), as shown in 
Fig. 7e. It is not surprising that with the reduction of agglomeration size, 
the burn rate of the Al/AP films increases, as smaller droplets of Al result 
in a more complete oxidation reaction, providing more heat feedback to 
the burning surfaces. 

As shown in Fig. 7e, the droplet size correlates linearly to the 

Fig. 7. Typical aluminum coalescing droplets observed by the microscopic imaging system of 3 (a), 5 (b), and 9 (c) layers of Al/AP laminates; Size distribution (d); 
size and burn rate (e) of the laminates with different Al/NC layer. 
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thickness of the Al/NC layer in the sandwiched Al/AP films, which can 
be explained by a “pocket theory” known in the solid propulsion field. A 
“pocket” is defined as the volume reserved by the Al NPs that can sinter 
within the surrounding oxidizers [29,30]. Herein, we construct a simple 
model of the pocket in the sandwich Al/AP film. As shown in Fig. 8a, the 
“pocket” of Al NPs is assumed to be a square prism whose size is 
determined by the width (W) and thickness (L) of the Al/NC layer, which 
is sandwiched by the oxidizer AP/NC layers. The packing density of Al 
NPs in the film is estimated at 35 %, owing to how fractal aggregates are 
known to pack [55]. If assuming all the Al NPs in the pocket turn into 
one droplet upon melting, the agglomeration size of Al NPs formed 
within different Al/AP sandwiched laminates can be calculated based on 
Eq. (1). 

The results are shown in Fig. 8b with the combination of the calcu-
lated and measured agglomeration size with different Al/NC layer 
thickness. The calculated size matches well with the experimental data, 
increasing linearly with the increase of Al/NC thickness, indicating the 
size is controlled by the sandwiched pocket size of Al NPs within the AP/ 
NC layers. It is notable that the measured agglomerate size for the 
thickest Al/NC (45 µm) has relatively large deviation compared to 
thinner films, and measured mean size is smaller than the calculated 
size. This may be owing to the weaken film upon heating, causing Al 
agglomerate fall down before it can grow larger across the film (sup-
porting videos). 

As we know, the larger the agglomerate, the more percentage of 
unreacted Al core will exist inside the agglomerate due to imcomplete 
combustion. In other words, smaller agglomerates will have a more 
complete combustion of Al compared to larger ones, yielding higher 
enegry feedback to the unburnt surface and resulting in a higher burn 
rate. This study reveals that burn rate of a laminate film using Al as the 
fuel can be manipulated by controlling the agglomeration size via simple 
manipulation of the layer thickness. 

Vpocket × 35% × Alvol% × ρsolid Al = Vagglomerate × ρliquid Al (1)  

Where Vpocket is the pocket volume of the refined Al NPs sandwiched by 
AP/NC layers. 35 % is the packing density of Al NPs in the films. Alvol% is 
the volume fraction (25.6 %) of Al in the Al/NC layer. Vagglomerate is the 
final size of the agglomerate and ρsolid Al is ~2700 kg/m3 while ρliquid Al is 
~2300 kg/m3 at 1173 K. The Al2O3 shell is not considered in this 
calculation. 

4. Conclusions 

In this study, we prepare free-standing microscale sandwich- 
structured Al/AP laminates to observe the agglomeration/sintering of 
aluminum nanoparticles (Al NPs) in the presence of ammonium 
perchlorate (AP). Al/AP laminate sandwich films with a total thickness 
of ~100 µm and different bilayer thicknesses of Al and AP are prepared 
by electrospray deposition. The laminate films are characterized by 

high-speed macroscopic and microscopic imaging systems with py-
rometry. We found that the burn rate of the Al/AP sandwich films in-
creases from 7 mm/s to 28 mm/s when the Al layer was reduced from 45 
µm (3 L) to 11 µm (9 L), owing to the shorter diffusion distance between 
fuel and oxidizer. In-situ observation of the complete process of the 
agglomerating of Al NPs shows the stages of agglomeration/sintering, 
coalescence and growth and final detachment. The relationship between 
the droplet size and the burn rate is also demonstrated. Simple calcu-
lations based on “pocket-theory” support the observed changes in 
agglomeration size with layer thickness. 

Novelty and significance statement  

1. Combustion behavior of the laminated films with Al and AP layers is 
studied with microscopic high-speed videography and pyrometry.  

2. Burn rate of the film increases as bilayer thickness decreases due to 
the reduced diffusion distance between fuel and oxidizer.  

3. A complete process of agglomeration/sintering, coalescence, growth, 
and final detachment of Al particles is observed in-situ.  

4. A correlation between agglomeration size and bilayer thickness is 
demonstrated.  

5. The observed agglomeration size is consistent with theoretical 
predication from layer thickness based on “pocket-theory”. 
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Fig. 8. Calculation process (a) of the droplet size based on the “pocket-size” theory in the Al layer; Calculated and measured drop size changing with the thickness of 
the Al/NC layer in Al/AP laminates. The width of the film (W) is ~2 mm. 
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