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a b s t r a c t 

In this study, we prepare 90 wt% loading composites of Al, B, and Ti with KClO 4 by 3D printing and 

study their combustion characteristics with high-speed videography and pyrometry. Combustion charac- 

teristics are found to be strongly dependent on the fuel type. For Al, Al droplets with Al 2 O 3 caps form and 

coalesce before departing the burning surface, while for B and Ti, fractal-shaped agglomerates form. Tem- 

peratures of the burning particles (droplet/agglomerates) are determined with color imaging-pyrometry. 

The combustion characteristics are attributed to the physical properties, e.g. melting and boiling points, 

of these fuels and their corresponding oxides. We observe particles residing and burning on the propel- 

lant surface for times on the order of ∼1–5 ms. This is significantly lower than the theoretical particle 

burn time, suggesting particles undergo incomplete combustion on the burning surface, consistent with 

the experimental observation that particles continue to burn after departing the surface. The estimated 

particle downstream burning distance is significantly larger than the observed luminous zone, implying it 

does not represent the complete flame zone. Since Al undergoes vapor phase combustion while B and Ti 

combust in the condense phase, burn rate of Al should be drastically higher than B and Ti, However, the 

differences are not as significant as expected. This is attributed to the formation of much larger droplets 

for Al that results in dramatically longer particle burn times. 

© 2023 Published by Elsevier Inc. on behalf of The Combustion Institute. 
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. Introduction 

Energetic nanocomposites, such as nanothermites typically con- 

ist of nanoscale fuels and oxidizers, offer higher energy release 

ates compared to their micron counterparts due to significantly 

ncreased interfacial area and reduced diffusion distance between 

uel and oxidizer [1–3] . Nevertheless the enhanced combustion 

ates are not as high as they should be based on simple theoreti- 

al arguments. One contributing factor is the loss of nanostructure 

uring a reaction, which may be responsible for the lower than 

xpected energy release rate [4–8] . The loss of nanostructure from 

eactive sintering has a significant impact on the combustion be- 

avior of the composite [7] . Nanoscale aluminum, boron, and ti- 

anium are attractive in nanothermites based on their potential as 

igh energy density fuels and possess very different physical prop- 

rties such as metal and metal oxide melting points, which can 

mpact sintering rates [9–12] . Aluminum has been used as the pri- 

ary fuel in solid rocket propellant and other propulsive systems 

ue to its ready availability and high enthalpy [13–15] . Boron has 

ery high gravimetric and volumetric energy content and titanium 

s a viable alternative fuel source [11 , 16–18 ]. Therefore probing and 
∗ Corresponding author. 
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nderstanding the combustion dynamics of these nanoscale fuels 

re essential for their practical application. 

Previous studies have demonstrated that imaging techniques 

re particularly useful in probing spatial and temporal combustion 

ynamics [19–21] . Studies investigating aluminum particle com- 

ustion have utilized imaging techniques coupled with hologra- 

hy and pyrometry for quantifying position, size, and velocity of 

luminum particles as well as estimating particle temperatures 

22 , 23] . Although titanium and boron combustion has been inves- 

igated with videography and pyrometry [18 , 24–26 ], these studies 

re far less prevalent as compared to aluminum, and a systematic 

tudy focusing on combustion behavior differences among differ- 

nt metal fuels is still lacking. 

In this paper, we prepare free-standing KClO 4 /nanoscale Al, B, 

nd Ti composites at 90% loading by 3D printing, and investigate 

heir combustion characteristics systematically. KClO 4 is used as 

he oxidizer since its decomposition products, O 2 and KCl (boiling 

oint of 1412 °C) [27 , 28] , are gaseous at the temperature of 

nterest, thus presumably there is little condensed-phase residue 

nteracting with fuel agglomerates during combustion. High-speed 

μs) videos at high resolution (μm) are obtained for visualizing the 

ombustion processes and physical properties of the as-formed 

gglomerates in-operando. Color imaging pyrometry is utilized 

o estimate the temperature profile of the reacting zone and 

rovide information about the particle combustion of these met- 

https://doi.org/10.1016/j.combustflame.2023.112747
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2023.112747&domain=pdf
mailto:mrz@engr.ucr.edu
https://doi.org/10.1016/j.combustflame.2023.112747
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ls. Scanning Electron Microscopy (SEM) with energy-dispersive 

pectrometry (EDS) is employed to analyze the post-combustion 

roduct and provide insight into combustion process. Burn rate 

f these composites are measured and relative energy release rate 

re calculated. 

. Materials and methods 

.1. Materials 

Aluminum nanoparticles (Al NPs, ∼50 nm, 67 wt% active) 

ere obtained from Argonide Corporation. Titanium nanoparti- 

les (Ti NPs, ∼50 nm, 70 wt% active) and boron nanoparticles 

B NPs, ∼100 nm, 85 wt% active) were purchased from US Re- 

earch Nanomaterials. The active content of these fuels was deter- 

ined with thermogravimetry and differential scanning calorime- 

ry (TGA −DSC) using a Netsch STA449 F3 Jupiter thermal ana- 

yzer. Potassium perchlorate (KClO 4 , 99%) was purchased from Alfa 

esar. Polyvinylidene Fluoride (PVDF, average molecular weight: 

534,0 0 0) was purchased from Sigma-Aldrich and METHOCEL TM 

4M Hydroxypropyl Methylcellulose (HPMC) was obtained from 

ow Chemical Company. N,N -Dimethylformamide (DMF, 99.8%) 

as purchased from Fisher Scientific and used as a solvent to dis- 

olve the above polymers as well as KClO 4 . 

.2. Preparation of ink and direct ink writing of 90 wt% loading 

/KClO 4 composites 

The details on ink preparation and printing with 90 wt% 

anoparticle loading composites can be found in our previous 

tudy [29] . Generally, the inks were prepared by firstly dissolving 

 wt% of PVDF and 6 wt% of HPMC or 10 wt% PPC in DMF (all com-

osites use PVDF/HPMC as binders unless otherwise noted). The 

ffect of binder (4 wt% of PVDF and 6 wt% of HPMC) on combus- 

ion of the agglomerates is believed to be insignificant due to the 

ow content, low gas generation, and minimal chemical reactions 

etween the fuels and the decomposition product of the polymers 

57] . KClO 4 was then dissolved in this solution and fuel nanopar- 

icles were added to the obtained solution. The mixture was then 

ltrasonicated for 30 min and magnetically stirred overnight. The 

mount of fuel and KClO 4 was determined with the following 

quations to prescribe the stoichiometric ratio. 

 Al + 3 KCl O 4 = 4Al 2 O 3 + 3 KCl (1) 

B + 3 KCl O 4 = 4B 2 O 3 + 3 KCl (2) 

 Ti + KCl O 4 = 2 Ti O 2 + KCl (3) 

For printing, an ink was extruded through an 18-gauge noz- 

le and directly written in a pre-designed pattern on a preheated 

 ∼75 °C) glass substrate. During printing, we ensured that every 

ayer was dry before the deposition of the next layer. After print- 

ng, the obtained films were heated at ∼75 °C for 30 min to re-

ove the remaining solvent. Then the films were cut into ∼2 cm 

ong sticks for combustion characterizations. 

.3. SEM/EDS 

The morphology and composition of the 3D-printed samples 

nd combustion residues were characterized by scanning electron 

icroscope (SEM, Thermo-Fisher Scientific NNS450) coupled with 
2 
nergy dispersive X-ray spectroscopy (EDS). SEM images of the as- 

eceived fuel nanoparticles and cross section of the printed sticks 

re displayed in Figs. S1 and S2, respectively. The post-combustion 

roduct was collected by placing a piece of carbon tape ∼1.5 cm 

way from a printed composite before combustion tests. For Al- 

ClO 4 , the larger particles did not attach on the tape probably be- 

ause of the deposition of KCl and aluminum oxide nanoparticles 

as shown in Fig. S3). To resolve this issue and visualize larger ag- 

lomerates in SEM, post-combustion product of Al-KClO 4 was col- 

ected on glass at the same distance from the composite ( ∼1.5 cm), 

hen the product was washed with water briefly to dissolve KCl 

anoparticles. To minimize oxidation of the particles from wa- 

er, the washing process was performed by adding water to the 

ost-combustion product and followed by immediate vortexing for 

20 s. Then the suspension was centrifuged immediately, and pre- 

ipitate was collected and dried under vacuum in a desiccator be- 

ore SEM. 

.4. Microscopic and macroscopic imaging 

The details of the imaging process can be found in previ- 

us publications from our group [30] . Generally, two imaging sys- 

ems were used for capturing the combustion process of the com- 

osites. One of them was the microscopic imaging system with 

igh-speed camera (Vision Research Phantom VEO710L) coupled 

ith Infinity Photo-Optical Model K2 DistaMax, and the other 

ne was the macroscopic imaging system with high-speed cam- 

ra (Phantom V12.1). Printed sticks ( ∼2 cm long) were mounted 

n a stage inside a chamber filled with argon that was placed 

etween the two imaging systems and settings were adjusted so 

hat the surfaces of the sticks were in focus in two imaging sys- 

ems. The sticks were then ignited with a Joule-heated nichrome 

ire. The burning process was recorded at a sample rate of 24,0 0 0 

rame/s (512 × 512 pixels, 1.7 μm/pixel) with a microscopic imag- 

ng system and 10,0 0 0 frame/s with the macroscopic imaging 

ystem. 

Size measurement was performed with ImageJ. Only particles 

hat were about to depart from the burning surface or already de- 

arted were measured. For B-KClO 4 and Ti-KClO 4 , agglomerates we 

bserved, so an area equivalent diameter is reported. To obtain 

easonable statistics at least 120 particles were measured for each 

omposite. 

.5. Three-color imaging pyrometry 

Details about three-color imaging pyrometry can be found in 

ur previous studies [1 , 31 , 32] . Briefly, channel intensities of three

olors (red, green, and blue) from the Bayer filter and their ratios 

ere used for estimating the temperature of the sample with a 

ustom MATLAB routine assuming graybody emission behavior of 

he sample. Calibration factors were obtained by the response to 

 blackbody source (Mikron M390). Temperature uncertainty was 

stimated to be nominally 20 0–30 0 K [31 , 33] . 

It is worth noting that we use the entire spectral range for 

he temperature measurement, the issues with which as McNesby 

t al. pointed out [56] , is the possibility of atomic/molecular inter- 

erence which leads to error in temperature calculation. We have 

stimated the error being less than 300 K based on black body 

alibration and wire emission for this study. When the error ex- 

eeds this threshold, the data is removed. For this study interfer- 

nce from atomic/molecular emission BO 2 has characteristic green 

mission that results in error in temperature calculation. To cir- 

umvent this problem, two-color pyrometry is used for measuring 

he agglomerate temperature of B-KClO 4 , the details of which can 

e found in 2.6. 
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.6. Two-color imaging pyrometry 

For the sample of B-KClO 4 , imaging data was also processed as 

wo-color pyrometry similarly to the three-color process, using a 

hort pass filter (Edmunds Optics, 625 nm 50 mm diameter, OD 4.0 

hortpass Filter #84-724) placed between the camera and the sam- 

le to cut-off wavelengths above 625 nm. The theoretical curves 

ere generated using Planck’s law and the response spectrum of 

he CMOS sensor of the camera after removing wavelengths above 

25 nm from the response spectrum. These curves were then fit- 

ed to a polynomial. The usage of the short pass filter resulted in a 

ifferent calibration curve compared to the previous calibration re- 

ult without the filter, therefore calibration was performed with a 

hort pass filter. Calibration data obtained with a black body source 

Mikron M390) at known temperatures were compared with the 

heoretical curves and was fit to a linear correction function with 

he corrected estimated error being 2–4%. A custom MATLAB script 

emosaiced the videos and used the polynomial fit from the the- 

retical curves and linear correction function to estimate the tem- 

erature of the burning particles. Two-color (red and blue) pyrom- 

try was used by neglecting the green channel when analyzing the 

-KClO 4 composite, as the green molecular emission from BO 2 cor- 

upts the temperature estimation. 

.7. CHEETAH calculation 

CHEETAH was performed with constant pressure (1 atm) where 

nly the fuel (including native oxide) and the oxidizer of the com- 

osites were considered. 

. Results and discussion 

.1. Combustion behavior at the microscopic scale 

High-speed microscopic video enables direct observation of 

vents near the flame front and adds insight into the combustion 

ehavior of a thermite reaction. Figure 1 displays the representa- 

ive snapshots taken from the high-speed microscopic videos for 

ifferent com posites. (The microscopic videos are shown as Videos 

1, S2, and S3, while macroscopic videos are shown as Video S4). 

ll the three composites show cone-shaped flame front that is at- 

ributed to the porosity difference arising from printing, where the 

dge of the stick has a higher solvent evaporation rate that results 

n a higher porosity. 

As shown in Fig. 1 (a) and Video S1 in supplementary mate- 

ials, molten droplets form on the burning surface of Al-KClO 4 . 

rior to departing from the burning surface, the moving droplets 

oalesce into larger droplets with sizes typically below 150 μm 
Fig. 1. Images from high-speed microscopy videos for (a) Al-KClO 4 , (b) B-KClO 4 , and

3 
 Fig. 2 ). The molten droplets, particularly those leaving the burn- 

ng surface, are surrounded by smoke which are presumably dis- 

ersed aluminum oxide particles nucleated from the oxidation of 

luminum vapor [20 , 22] . The dark lobes on the molten droplets are

l 2 O 3 caps, which may form from three sources: (1) phase separa- 

ion of the native oxide shell (33 wt%) of Al nanoparticles along 

intering/coalescence, (2) condensation of oxide smoke, and (3) Al 

roplet oxidation (mostly happens before departing from the burn- 

ng surface) [20 , 34 , 35] . For the latter, oxygen penetrates into an Al

roplet and Al-O solution forms, which then phase separates into 

iquid Al and Al 2 O 3 when the dissolved oxygen reaches the solu- 

ility limit [20] . Following phase separation, the oxide retracts into 

 distinct cap through surface tension forces [35] . Rotation is ob- 

erved on most of the departed droplets, although the rotation fre- 

uency varies significantly, for example ∼4800 Hz vs ∼400 Hz as 

hown in Figs. S4 and S5 and is due to asymmetric burning of the 

article, leading to asymmetric gas generation [23 , 34 , 36] . Bubbling 

nd bursting of droplets are also observed, as shown in Fig. S6. 

B-KClO 4 and Ti-KClO 4 burn similarly to each other but dramati- 

ally differently as compared to Al-KClO 4 . As illustrated in Fig. 1 (b) 

nd (c) as well as Videos S2 and S3, burning particles agglom- 

rate and form fractal-shaped structures before leaving the burn- 

ng surface. The size distribution of the burning particles is dis- 

layed in Fig. 2 . Some agglomerates melt and shrink to be spheres, 

s shown in Figs. S7 and S8, and the agglomerates from Ti-KClO 4 

ave a higher tendency to become spheres than B-KClO 4 , the rea- 

ons for which will be discussed in Section 3.3 . Around the burn- 

ng surface of B-KClO 4 , a characteristic green color arising from the 

mission of BO 2 is observed [37 , 38] . As for Ti-KClO 4 , emission from

iO is responsible for the red-orange glow around the burning 

urface [39] . 

SEM images and corresponding size distributions of the as- 

eceived nanoparticles show that the size is generally below 

50 nm for Al, 600 nm for B, and 200 nm for Ti (Fig. S1). Size

omparison between these initial fuel nanoparticles and the mi- 

rodroplets/particles formed during combustion reveals extensive 

intering/agglomeration of these fuels, as the size increases ∼800 

imes for Al, ∼150 times for B, and ∼550 times for Ti. 

.2. Temperature measurement from imaging-pyrometry 

Three-color (RGB) imaging-pyrometry is employed for tem- 

erature estimation of Al-KClO 4 . Smoke present around Al/Al 2 O 3 

roplets can bias droplet temperature estimation when the smoke 

s optically thick. To evaluate the effect of the smoke on tem- 

erature estimation (details can be found in Section S3), the 

ptical thickness is estimated based on Eq. (S1), and demonstrates 

hat the smoke is optically thin (optical thickness less than 0.1 
 (c) Ti-KClO 4 . The dashed lines represent boundaries of the burning surfaces. 
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Fig. 2. Size distribution of agglomerates for Al-KClO 4 (a), B-KClO 4 (b) and Ti-KClO 4 (c). Note: only agglomerates that are about to depart from the burning surface or already 

departed. For B-KClO 4 and Ti-KClO 4 , area equivalent diameter is displayed. 

Fig. 3. Temperature map (right) from three-color (RGB) pyrometry for an image (left) from high-speed microscopy video of Al-KClO 4 . High error points and low-intensity 

points were excluded from the calculation. The dashed line represents the boundary of the burning surface. 

Table 1 

Melting and boiling point of Al, Al 2 O 3 , B, B 2 O 3 , Ti, TiO 2 , Ti 2 O 3 with references, and 

measured temperature of burning agglomerates. 

Melting 

point (K) 

Boiling 

point (K) 

References Measured temperature 

of burning 

agglomerates (K) 

Al 930 2743 [22] 
Al-KClO 4 2500 

Al 2 O 3 2345 3240 [22] 

B 2349 4200 [53] 
B-KClO 4 1950 

B 2 O 3 723 2130 [53] 

Ti 1941 3560 [54] 

Ti-KClO 4 2350 TiO 2 2116 3245 [39] 

Ti 2 O 3 2400 3300 [39] 
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s shown in Fig. S9) [40–42] . Figure 3 displays the demosaiced 

mage and the temperature map for the Al-KClO 4 composite. As 

entioned above, molten droplets are composed of aluminum as 

he main body and aluminum oxide as the cap. The estimated 

emperature for the Al body of the droplets around 2500 K is 

igher than the melting point at 930 K while lower than the 

oiling point of Al at 2743 K ( Table 1 ). The estimated oxide cap

emperature at ∼3100 K is higher than the Al body temperature 

s well as the melting point of Al 2 O 3 ( Table 1 ). Chen et al. has

een similar observations where the oxide caps were hotter than 

l bodies in molten droplets [22] . One may suppose that the 
4 
ifference in the measured temperature of the Al body and Al 2 O 3 

ap arises from the difference in their emissivity. Indeed, Al and 

l 2 O 3 have drastically different emissivity at high temperatures 

35] . However, since we determine temperature based on the gray 

ody emission assumption (emissivity remains constant when 

avelength changes), the absolute value of emissivity cancels out 

32] . 

Molten Al droplets are known to burn with vapor-phase com- 

ustion with the formation of a detached and diffusion-flame en- 

elope away from the surface of the droplets where Al vaporizes, 

s shown in Fig. 3 [35 , 43] . Under vapor-phase combustion, nano- 

etric smoke formed via homogeneous nucleation primarily con- 

ists of Al 2 O 3 [35] . SEM/EDS images for post-combustion product 

onfirm the presence of nanoparticles of Al 2 O 3 ( ∼100 nm, Fig. S11) 

long with the aluminum oxide microparticles as the final product 

 Fig. 7 ). 

The temperature of these nanoparticles, which presumably rep- 

esents the surrounding gas temperature due to their small size, 

s estimated to be ∼3500 K, which is close to the adiabatic flame 

emperature of Al-KClO 4 at 3800 K as calculated with CHEETAH. 

Boron has a characteristic green flame emission (between 450 

nd 600 nm) from BO 2 as an intermediate during combustion 

38 , 44 , 45] . This emission (since it is non-graybody) can signifi-

antly affect the green-color channel, and lead to inaccuracy in 

emperature estimation from three-color (RGB) pyrometry, un- 
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Fig. 4. Temperature map (right) from two-color (RB) pyrometry for an image (left) from high-speed microscopy video of B-KClO 4 . High error points and low-intensity points 

were excluded from the calculation. The dashed lines represent boundaries of the burning surface. 
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er the gray-body assumption. To circumvent this problem, two- 

olor (BR) pyrometry was employed (details can be found in 

ection 2.6 ) and the resultant temperature map is displayed in 

ig. 4 , which shows the burning particles are at ∼1950 K. Fig. 

10 shows temperature of the burning particles of B-KClO 4 mea- 

ured with three-color (RGB) pyrometry is ∼2250 K, which sug- 

ests a 300 K discrepancy caused by the molecular emission 

rom BO 2 . 

It is generally accepted that the combustion of boron particles 

as two stages, the first stage is the burning of boron particles 

oated with a liquid B 2 O 3 layer, and the second stage is combus- 

ion of bare boron after the removal of B 2 O 3 [16 , 17 , 46 , 47] . The es-

imated temperature for agglomerates on the burning surface of 

-KClO 4 is ∼1950 K with two-color pyrometry, it is slightly lower 

han the boiling point of B 2 O 3 (2130 K), therefore we conclude 

hat the B 2 O 3 is not completely removed and the combustion of 

gglomerates we observe is in the first stage boron combustion. 

lso, the estimated temperature is lower than the melting point of 

oron at 2349 K, shape of which is consistent with the observation 

hat the particles are still agglomerates. 

Ti-KClO 4 presents a more complex situation than B-KClO 4 . The 

btained temperature from three-color pyrometry for agglomer- 

tes on the Ti-KClO 4 burning surface is ∼2350 K ( Fig. 5 ), which

s higher than the melting point of both Ti and TiO 2 ( Table 1 ). The

on-spherical shape of the agglomerates suggests the presence of 

ther oxides with a higher melting point. Previous studies on ti- 

anium particle oxidation demonstrate that the oxidation process 

onsists of different ‘stages’, one of which is the building-up of 

i 2 O 3 beneath the TiO 2 outer surface [39 , 48] . Ti 2 O 3 with a melting

oint of 2400 K, forms at a temperature of 2023 K, and the esti- 

ated temperature for agglomerates lies between these two tem- 

eratures [25 , 39] . Thus it is likely the agglomerates on the burn-

ng surface are mostly composed of Ti, Ti 2 O 3 , and TiO 2 , with Ti 2 O 3 

eing dominant in contributing to the shape, although other ox- 

des including TiO and Ti 3 O 5 may also be present [39] . Fragmenta- 

ion, probably caused by the release of gas within the particle from 

he composition phase change, is an important characteristic dur- 

ng the combustion of Ti particles [24 , 25 , 49 , 50] . A previous study

bserved that the minimum particle size below which Ti particles 

o longer fragments is ∼30 μm [49] . Minimal fragmentation is ob- 

erved during Ti-KClO 4 composite burning, probably because the 

ize of the agglomerates (at least in one dimension) is generally 
5 
elow the minimum particle size of ∼30 μm for fragmentation 

39 , 49] . 

.3. Combustion performance 

Al is known to combust in the vapor phase [34] while B and Ti

n the condensed-phase [16 , 17 , 55] , which implies that the combus- 

ion rate of Al should be significantly higher than B and Ti, whose 

ombustion is limited by O 2 diffusion in the condensed-phase. 

owever, we observe only moderate differences, as the burn rate 

f Al-KClO 4 ( ∼10 cm/s) is about 4 times of B-KClO 4 ( ∼2.5 cm/s)

nd about 2 times of Ti-KClO 4 ( ∼5 cm/s), as shown in Fig. 6 (b),

nd the resultant energy release rate of Al-KClO 4 is not dramati- 

ally higher than B-KClO 4 and Ti-KClO 4 (Fig. S12). A primary ques- 

ion now arises: why does Al-KClO 4 burns only moderately faster 

han B-KClO 4 and Ti-KClO 4 ? 

Combustion of Al droplets is limited by the availability of Al 

apor that depends on the evaporation rate of Al, therefore the 

ombustion rate of Al decreases dramatically when droplet size in- 

reases since the evaporation rate of Al is significantly reduced due 

o the decreased overall surface/volume ratio. Typically this scaling 

s: Burn rate ∼ 1/D 

2 . The average size of Al droplets ( ∼ 90 μm, 

ig. 6(b)) is significantly larger than the starting Al nanoparticle 

 ∼100 nm, Fig. S1). The correlations between burn-times and sizes 

 Fig. 6 (c)) of Al droplets and Ti particles (agglomerates) have been 

heoretically evaluated through application of a droplet evapora- 

ion model [34] and kinetic shrinking core model [55] (surface 

eaction controlled), respectively (details can be found in Section 

5). A similar evaluation is not conducted for B particle combus- 

ion due to the lack of data and a well-accepted oxidation mecha- 

ism. These correlations suggest that although the calculated burn 

ime of a 100 nm Al particle should be 4 orders of magnitude 

maller than a 100 nm Ti particle (initial particles are both about 

00 nm, as displayed in Fig. S1), the calculated burn time of a 

00 μm Al droplet ( ∼0.05 s) is only slightly lower than the burn 

ime of a 50 μm Ti particle ( ∼0.1 s), as shown in Fig. 6 (c). This

eans the experimentally observed Al droplets burn only moder- 

tely faster than the Ti particles, since the size of Al droplets is 

arge. 

Visualization under microscopic conditions as seen in Fig. 6 (a) 

hows that particles are not immediately ejected from the sur- 

ace but ignite and subsequently burn for some time. A series of 
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Fig. 5. Temperature map (right) from three-color (RGB) pyrometry for an image (left) from high-speed microscopy video of Ti-KClO 4 . High error points and low-intensity 

points were excluded from the calculation. The dashed line represents boundary of the burning surface. 
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A

napshots of a representative droplet/agglomerate forming, grow- 

ng, and departing from the burning surface for Al, B, and Ti 

re displayed in Fig. 6 (a), and the extracted surface residence 

imes are estimated based on the time from the emergence of 

he droplets/agglomerates to their departure, and are tabulated 

n Fig. 6 (d). It is noteworthy that the theoretical burn times of 

l droplets and Ti particles are both much larger than their cor- 

esponding residence times on the burning surface, suggesting 

oth Al droplets and Ti particles should have incomplete combus- 

ion before departing from the burning surface (Video S4). This 

s consistent with the experimental observation that the burn- 

ng droplet/agglomerate continues burning after departure. As Al 

roplets and Ti agglomerates have similar temperatures (2500 K 

s 2350 K), a higher surface residence time should result in more 

eat feedback to the unburnt solid composite that leads to a higher 

urn rate [58] . This also contributes to the observed higher burn 

ate of Al than Ti in addition to the aforementioned lower burn 

ime of Al droplets compared to Ti particles. 

It is clear from the images that luminous zones are indicative 

f significant burning away from the surface, the sharp edges of 

hich terminate immediately near the burning surfaces ( ∼0 mm, 

0.02 mm, and ∼0.03 mm for Al-KClO 4 , B-KClO 4 , and Ti-KClO 4 , re-

pectively). Droplet/agglomerate velocity after departing from the 

urning surface is measured by tracking the location and the cor- 

esponding time. The result of this analysis is displayed in Fig. 6 (e), 

hich shows there is no significant droplet/agglomerate velocity 

ifference between Al-KClO 4 and Ti-KClO 4 . The expected burning 

istances of the dispersed Al droplets and Ti agglomerates are 

hown in Fig. 6 (e) and are estimated based on their velocities 

nd calculated burn times after departing from the burn surface 

 Fig. 6 (d)). The result shows that the Al droplet would need to 

ravel ∼11 mm and Ti agglomerate ∼16 mm for complete oxida- 

ion. These distances are significantly longer than the sharp edge 

f the luminous zone. This implies that the luminous zone cannot 

epresent the complete flame zone. 

.4. Post combustion products 

Further insight can be gained when microimaging observa- 

ions are analyzed in tandem with SEM images of post-combustion 

roducts of these composites ( Figs. 7 and S11). Micron-sized parti- 

les from Al-KClO and B-KClO are mostly spherical and fractal- 
4 4 

6 
haped, respectively, consistent with morphology of the burn- 

ng particles observed in microimaging ( Figs. 1 (a) and (b), 7 (a) 

nd (b)). However, different from the dominating fractal-shaped 

urning particles observed in microimaging, particles of post- 

ombustion products from Ti-KClO 4 are spherical ( Fig. 7 (c)). This 

orphology change is attributed to the aforementioned transition 

f Ti 2 O 3 to TiO 2 during oxidation after agglomerates depart from 

he burning surface. 

SEM/EDS images of the sub-micron particles of post- 

ombustion products of Al/B/Ti-KClO 4 composites also demon- 

trate the difference and similarity in combustion behaviors. As 

hown in Figure S11, KCl nanoparticles are produced for all three 

ystems, from the condensation of KCl vapor as the product of 

ecomposition of KClO 4 . Both Al and B systems show significant 

luminum oxide and boron oxide nanoparticles, respectively, but 

xide nanoparticles are barely observed for the Ti system. The 

resence of aluminum oxide nanoparticles confirms the vapor 

hase reaction of Al. Boron oxide nanoparticles arise from the 

ondensation of evaporated boron oxide as the measured tem- 

erature of the burning particles is close to the boiling point of 

 2 O 3 ( Table 1 ). For Ti, both vapor phase combustion and oxide 

vaporation are negligible as the temperature is not sufficiently 

igh. Unlike boron agglomerates being at the temperature close to 

he boiling point of B 2 O 3 (difference is ∼180 K), temperature of 

itanium agglomerates is much lower ( ∼10 0 0 K) than the boiling 

oint of titanium oxides (TiO 2 and Ti 2 O 3 ), therefore evaporated 

itanium oxides are less significant ( Table 1 ). 

.5. Discussion on combustion characteristics 

The combustion process of the three composites are summa- 

ized and represented in the illustration shown in Fig. 8 . KClO 4 

elts and decomposes concurrently at 610 °C, and the decompo- 

ition product KCl has a boiling point of 1412 °C [ 27 , 28] , there-

ore presumably no KClO 4 or KCl is present in solid state during 

urning. The combustion behavior differences between Al-KClO 4 

nd B-KClO 4 or Ti-KClO 4 as well as the similarity between B-KClO 4 

nd Ti-KClO 4 are attributed to the physical property (e.g. melting 

nd boiling point) of their corresponding metal and metal oxide, 

s shown in Table 1 . Although the Al 2 O 3 shell has a relatively

igh melting point, the phase transition from amorphous to γ - 

l O below 900 K introduces voids in the oxide shell, enabling 
2 3 
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Fig. 6. Time-resolved snapshots of the particles (droplets/agglomerates) evolving before departing from burning surface (a), particle size and burn rate of different composites 

(b), correlations between burn-times and sizes of Al droplet and Ti agglomerate based on droplet-evaporation model and kinetic shrinking core model, respectively (c), 

particle surface residence time on the burning surface and particle burn time of the observed size (100 μm for Al and 50 μm for Ti) after departing from the burning 

surface (d), and measured particle velocity and estimated particle burning distance for complete oxidation (e). 
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he molten Al core to leak through the oxide shell when the tem- 

erature reaches its melting point at 930 K [51] . As oxidation of 

l continues, and sintering/coalescence occurs below the melting 

oint of Al 2 O 3 because the high mobility of Al within Al 2 O 3 likely

oftens it [52] . Molten Al on the surface merge to form larger 

roplets before they depart the surface. Based on analysis of the 

mages this process takes on the order of ∼ 4 ms. 

B and Ti have much higher melting points compared to Al, and 

hus are relatively less mobile with considerably smaller atomic 
7

iffusivities. This explains why B and Ti primarily form fractal-like 

tructures rather than spherical droplets ( Fig. 8 ). As mentioned in 

ection 3.1, some of these fractal-shaped agglomerates may ball up 

nto spheres during burning, and agglomerates of Ti-KClO 4 have a 

igher tendency for becoming spheres than those of B-KClO 4 . The 

easured temperature of agglomerates on B-KClO 4 burning surface 

s ∼400 K lower than the melting point of B, thus it is less likely

or the agglomerates to melt and become spheres without a tem- 

erature increase. As for Ti-KClO 4 , the fractal-shaped agglomerates 
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Fig. 7. SEM images of microparticles for post-combustion products of Al-KClO 4 (a), B-KClO 4 (b), and Ti-KClO 4 (c). Note: For Al-KClO 4 , the product was water-washed briefly 

to remove KCl so that large agglomerates can stay on the carbon tap for SEM. More details can be found in Section 2.3. 

Fig. 8. Illustration of the microscopic features (droplet/agglomerate evolution) with corresponding time stamps as well as the macroscopic features of Al-KClO 4 (left) and 

B-KClO 4 (middle) and Ti-KClO 4 (right). 
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re in the combustion stage where Ti 2 O 3 dominates the structure. 

s agglomerates continue burning, the amount of TiO 2 increases 

hile Ti 2 O 3 and other lower oxides diminish. The newly-formed 

iO 2 melts upon formation, which means that the agglomerates 

ransition into spheres even if the temperature remains invariant. 

here is minimal temperature change observed along the burning 

f agglomerates on the burning surface of both B-KClO 4 and Ti- 

ClO 4 , explaining why agglomerates of Ti-KClO 4 are more likely to 

ecome spheres than those of B-KClO 4 . The time spans from emer- 

ence to departure of B and Ti agglomerates are ∼3 ms and ∼
.5 ms, respectively, both are slightly lower than the Al droplets, 

ontributing to lower heat feedback to the composite and thus 

ower burn rates, as discussed in Section 3.3. 

Macroscopic combustion features of the three composites are 

lso displayed in Fig. 8 . As discussed in Section 3.3, the lumi- 
a

8 
ous zone ends immediately after the burning surface although 

he droplets/agglomerates are not completely combusted in that 

egion, indicating a temperature drop downstream. 

. Conclusions 

In this paper, we study the combustion characteristics of high- 

oading Al-KClO 4 , B-KClO 4 , and Ti-KClO 4 composites with high- 

peed microscopy and pyrometry and find that combustion char- 

cteristics of these composites are strongly dependent on the fuel 

ype. Mobile Al droplets with Al 2 O 3 caps form on the burning sur- 

ace of Al-KClO 4 , then coalesce into larger droplets before depart- 

ng from the burning surface. As for B-KClO 4 and Ti-KClO 4 , fractal- 

haped agglomerates form. Temperatures of the burning particles 

re determined with color imaging-pyrometry. The combustion be- 
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avior difference between Al-KClO 4 and B/Ti-KClO 4 as well as the 

imilarity between B-KClO 4 and Ti-KClO 4 are attributed to the 

hysical properties, e.g. melting and boiling points, of these fuels 

nd their corresponding oxides. Particles reside and burn on the 

ropellant surface with the residence time on the order of ∼1–

 ms. This is significantly lower than the theoretical particle burn 

ime, implying incomplete particle combustion on the burning sur- 

ace. This is consistent with the experimental observation that par- 

icles continue to burn after departing the burning surface. The es- 

imated particle downstream burning distance is drastically larger 

han the observed luminous zone, suggesting the luminous zone 

oes not represent the complete flame zone. Since Al combusts in 

he vapor phase while B and Ti combust in the condense phase, 

he burn rate of Al should be significantly higher than B and Ti, 

owever, the differences are not as drastic as expected because 

he formation of much larger droplets of Al results in dramatically 

onger particle burn times. 
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