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A B S T R A C T

This study investigated the effects of incorporating fullerene (C60) and carbon black (CB) particles into Al/CuO- 
based energetic materials (EMs) to enhance their ignition, combustion, and propulsion performances. EMs 
require high energy densities and rapid ignition characteristics for use as fuel in small projectiles. The systematic 
results indicated that the influences of C60 and CB on the combustion performances of the EMs varied depending 
on their respective ratios. The optimal amounts of C60 and CB enhanced the thermal properties of the Al/CuO- 
based EMs, increasing the levels of total heat energy release and subsequently accelerating the burn rates. The 
optimal carbon material (CM) ratio of approximately 1 wt% enhanced the handling safeties, burn rates, and 
explosion pressures of the Al/CuO-based EMs. CB addition resulted in larger improvements in the ignition and 
combustion performances than C60 addition owing to the superior thermal conductivity and excellent dis
persibility of CB. Furthermore, propulsion studies revealed that the optimal amount of CMs (approximately 1 wt 
%) improved the propulsion performance of the EMs, indicating the potential of CMs for use as effective control 
agents in projectile propulsion. However, excessive CM contents (>1 wt%) within the EMs hindered the alu
minothermic reaction between Al and CuO, leading to decreases in the combustion performances. This study 
presents a novel approach for optimizing the combustion performances of EMs using CMs as effective additives, 
serving as a valuable foundation for the future application of small projectiles and energetic systems.

1. Introduction

Energetic materials (EMs) release high thermal energies upon igni
tion and combustion because of their fuel and oxidizer mixing ratios. 
EMs find applications in various thermal energy sources, explosives, and 
ammunition in different thermochemical engineering fields [1–6]. 
Among the various chemical compositions of EMs, Al is commonly used 
as a fuel, and CuO is frequently employed as an oxidizer. Al is widely 
utilized due to its relatively low density (approximately 2.7 g/cm3), high 
exothermic energy release, affordability, and availability [7,8]. Mean
while, CuO is a potential oxidizer that induces high-temperature com
bustion when reacting with Al, enhances combustion efficiency, and 
exhibits stable properties at a relatively low cost [9,10].

Various carbon materials (CMs) recently attracted significant atten
tion as additives for use in enhancing the ignition, combustion, and 
propulsion performances of EMs owing to their unique physical, ther
mal, electrical, and mechanical properties [11–13]. Pal et al. [14] re
ported that the addition of carbon black (CB) to paraffin-based hybrid 
rocket fuels improves their mechanical strengths and elastic moduli. 
They also observed an increase in the hardness of the fuel and an 
improved thermal stability via thermogravimetric analysis owing to the 
strong interactions of CB within the paraffin matrix. Han et al. [15]
combined CB or fullerenes (C60) with cyclotrimethylenetrinitramine 
(RDX)-based propellants to observe their combustion characteristics, 
and the inclusion of CB within the RDX-based propellant produced a 
higher combustion rate than that observed when C60 was added. Jin 
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et al. [16] observed decreases in the friction and impact sensitivities of 
cyclotetramethylene tetranitramine (HMX) when 1 wt% C60 was added 
to the solid HMX propellant. However, these previous studies fixed the 
mass of the CM to a specific amount and did not investigate the optimal 
quantity of the CM. They were limited to the measurement of basic 
thermal and combustion properties without systematically observing 
the changes in propellant performance when applied as rocket fuels. 
Consequently, systematic studies regarding the effects of traditional 0D 
CMs, such as C60 and CB, on the ignition, combustion, and propulsion 
characteristics of EMs are rare. In addition to 0D CMs, Wang et al. [17], 
Jiang et al. [18], and Shen et al. [19] utilized 1D carbon fibers, 2D 
graphene oxide, and graphene, respectively, as additives in an Al/CuO- 
based EM matrix and observed improvements in the burn rate, thermal 
energy release, and overall combustion performance. Similarly, Su et al. 
[20] and Chen et al. [21] incorporated 2D graphene oxide into an Al/ 
CuO-based EM matrix and reported an approximately two-fold in
crease in the exothermic energy of the EMs. However, these studies also 
fixed the amount of CM added and were limited to observing changes in 
the basic combustion characteristics without systematically studying the 
ignition, combustion, and propulsion characteristics.

In this study, we selected C60 and CB, which are two representative 
CMs with identical carbon compositions but different physical forms and 
structures, and incorporated them into Al/CuO-based EMs. The objec
tive of this study was to systematically investigate the combustion, ex
plosion, and propulsion characteristics upon ignition. The unique 
structures and physical properties of C60 and CB were examined in terms 
of their interactions with nanoscale Al/CuO-based EMs. We focused on 
the influence of these CMs on the combustion characteristics when 
mixed and integrated within the EMs and the effects of these changes in 
combustion behavior on the propulsion characteristics when utilized as 
solid propellants in small-scale projectiles. Al/CuO/CM-based EMs were 
prepared using wet chemistry-based liquid mixing and drying. We sys
tematically measured the ignition sensitivities, burn rates, and explosion 
pressures of the Al/CuO-based EMs as functions of the added amounts of 
C60 microparticles and CB nanoparticles. Finally, we loaded the Al/ 
CuO/CM-based EMs into the combustion chambers of small bullet- 
and rocket-type projectiles, ignited them, and measured and analyzed 
the real-time propulsion characteristics of these small-scale projectiles.

2. Experimental Section

2.1. Fabrication of the Al/CuO/CM-based EMs

In this study, Al (fuel), CuO (oxidizer), and CMs (thermokinetic re
action control agents), i.e., C60 and CB, were used as precursors of the 
EMs. Commercially available Al (purity: 99.9 %, CNVISION, Seoul, 
Republic of Korea), CuO (purity: 99.8 %, CNVISION), C60 (purity: 98 %, 
Sigma-Aldrich, St. Louis, MO, USA), and CB (Ketjenblack EC-300 J, Akzo 
Nobel Functional Chemicals, Amsterdam, Netherlands) powders were 
purchased and used without further treatment. The mixing ratio of the 
metal fuel, Al, and oxidizer, CuO, was fixed at 30:70 wt% (i.e., fuel/ 
oxidizer ratio ϕ = 1.9), and the CMs added to the Al/CuO-based EMs 
were mixed at mass percentages of 0.5, 1, 2.5, 5, and 10 wt%. The names 
and compositions of the Al/CuO/CM composites are listed in Table 1.

We employed conventional solution drying to prepare the Al/CuO/ 

CM composite powders. Each precursor material (Al, CuO, and CM) was 
dispersed in an ethanol solution (purity: 99.0 %, DUKSAN Pure Chem
ical, Ansan, Republic of Korea) and ultrasonicated (approximately 40  
kHz, WUC-D03H, DAIHAN Scientific, Wonju, Republic of Korea) for 
approximately 30 min to ensure homogeneous mixing. The ethanol- 
dispersed colloidal solution of Al/CuO/CM was dried in an oven at 
80 ◦C for approximately 15 min, and finally, the dried Al/CuO/CM- 
based EMs was collected.

2.2. Characterization of the thermophysical properties of the Al/CuO/ 
CM-based EMs

The morphologies, compositions, surface areas, and thermal prop
erties of the precursors and EMs were observed using various tech
niques: scanning electron microscopy (SEM, JSM-7900F, JEOL, Tokyo, 
Japan) operated at ~20 kV and combined with energy-dispersive X-ray 
spectroscopy (EDS, Ultim Max 100, Oxford Instruments, Abingdon, UK), 
Brunauer-Emmett-Teller (BET) N2 gas adsorption analysis (Autosorb iQ, 
Anton Paar QuantaTec, Boynton Beach, FL, USA) [22,23], and differ
ential scanning calorimetry (DSC, Labsys EVO 1600, SETARAM, Caluire- 
et-Cuire, France) operated from 30 to 1000 ◦C at a heating rate of 10 ◦C/ 
min under flowing Ar gas.

2.3. Electrical discharge, friction sensitivity, and mechanical impaction 
studies of the Al/CuO/CM-based EMs

Electrostatic discharge (ESD) studies were conducted using an ESD 
simulator (KES4021, Kikusui Electronics, Yokohama, Japan) to evaluate 
the stabilities of the ESDs of the Al/CuO/CM-based EMs. Approximately 
3 mg of the EM powder was placed 1 mm from the discharge gun (i.e., 
metal wire), which was connected to the ESD simulator with a capacitor 
capacitance of 330 pF. The applied potential range of the ESD simulator 
was 0–30 kV. To calculate the energy of the ESD, the formula EE =

0.5CV2 was used, where EES, C, and V represent the discharge energy 
(mJ), capacitance (F), and input potential (V), respectively. The ignition 
threshold spark energy of the EMs, when ignition and explosion 
occurred therein upon artificial spark application, was determined as the 
observed spark energy of the evaluated sample with a 50 % probability 
of ignition.

A friction apparatus (FSA 12, OZM Research, Hrochův Týnec, Cze
chia) approved from German Federal Institute for Materials Research 
and Testing was used to measure the friction sensitivities of the EMs. A 
10 mm3 sample of the EMs was placed on the porcelain plate, and 
standard masses ranging from 5 to 360 N were alternately applied to the 
6-position loading arm of the apparatus. The ignition threshold of the 
frictional force was determined as the frictional force at which the EMs 
ignited with a 50 % probability due to the standard mass.

To measure the sensitivity of the EMs to mechanical impact, com
posites, a manually operated free-falling hammer was used to impact 
pre-prepared metal stage-filled holes containing the EM powder 
(approximately 40 mg) [24,25]. The mechanical impact equipment was 
designed with a hammer (mass: 0.5 ~ 3 kg) secured at a maximum 
height of 200 cm to fall onto the EMs via gravity. When the EMs ignited 
and exploded at a specific potential energy applied by the hammer, 
lower mechanical impacts were repeatedly applied to observe the igni
tion and explosion. The ignition threshold mechanical impact energy 
(EMI = mgh, where m, h, and g are the mass and height of the hammer and 
gravitational acceleration, respectively) with a 50 % probability of 
ignition was thus determined.

2.4. Measurement of the ignition and combustion characteristics of the 
Al/CuO/CM-based EMs

A temperature jump (T-jump) wire device was used to measure the 
ignition delay of the EM powder. Initially, a Pt wire with a diameter of 
75 µm was coated with the EM powder. The ignition wire was connected 

Table 1 
Various Al/CuO/CM composites fabricated using liquid mixing and secondary 
drying.

Sample Al (wt.%) CuO (wt.%) CM (wt.%)

Al/CuO 30.00 70.00 0.0
Al/CuO/CM0.5 29.85 69.65 0.5
Al/CuO/CM1 29.70 69.30 1.0
Al/CuO/CM2.5 29.25 68.25 2.5
Al/CuO/CM5 28.50 66.50 5.0
Al/CuO/CM10 27.00 63.00 10.0
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to the T-jump probe, which was connected to the switching devices, 
current (TDS3012B, Tektronix, Beaverton, OR, USA) and voltage 
(TDS2012B, Tektronix) oscilloscopes, and a power supply (6 V). Signals 
were detected in the voltage and current oscilloscopes when the EM 
powder on the Pt wire was ignited, and the measured signal rise time at 
this point represented the ignition delay of the sample. To complement 
the measurements obtained using the T-jump probe system, 

simultaneous measurements were performed utilizing a high-speed 
camera (FASTCAM SA3 120 K, Photron, Tokyo, Japan) operating at a 
frame rate of 30 000 fps.

To measure the burn rate of the EMs, approximately 150 mg of the 
powder was loaded into a cylindrical polyethylene terephthalate tube 
with a respective inner diameter and length of 1 and 70 mm. The tube 
was then inserted into a transparent acrylic block with a length of 40 
mm. The EM powder was ignited at one end of the burn tube inserted 
into the acrylic block. The propagation of the combustion flame to the 
opposite end of the tube was then recorded in real time using the Pho
tron high-speed camera (frame rate: 50 000 fps) to measure the burn 
rate.

A pressure cell test (PCT) was conducted to investigate the explosion 
pressure of the EM powder (test quantity: ~13 mg). The PCT system 
comprised a W hot-wire igniter (supply current: ~2 A, supply potential: 
~4 V), closed stainless-steel (SUS304) cell with a constant volume 
(~13 mL), pressure sensor with a sensitivity of 14.5 mV/kPa (113B28, 
PCB Piezotronics, Depew, NY, USA), signal conditioner (482C series, 
PCB Piezotronics), and digital oscilloscope (TDS2012B, Tektronix). A 
real-time graph of the time-pressure relationship during the ignition of 
the EM powder was measured, based on which the pressurization rate 
was also determined. The pressurization rate refers to the maximum 
pressure generated during the ignition of the EMs divided by the time 

Table 2 
Types and compositions of KNSU and Al/CuO/CM used in the propulsion studies 
of the rocket-type projectiles.

Type of composite solid 
propellant

Mixing ratio of components in wt.%

KNSU–Al/CuO KNO3:C12H22O11:Al:CuO:CM = 65:35:0:0:0
KNSU–Al/CuO/CM0.5 KNO3:C12H22O11:Al:CuO:CM =

62.40:33.60:1.19:2.79:0.02
KNSU–Al/CuO/CM1 KNO3:C12H22O11:Al:CuO:CM =

62.40:33.60:1.19:2.77:0.04
KNSU–Al/CuO/CM2.5 KNO3:C12H22O11:Al:CuO:CM =

62.40:33.60:1.17:2.73:0.10
KNSU–Al/CuO/CM5 KNO3:C12H22O11:Al:CuO:CM =

62.40:33.60:1.14:2.66:0.20
KNSU–Al/CuO/CM10 KNO3:C12H22O11:Al:CuO:CM =

62.40:33.60:1.08:2.52:0.40

Fig. 1. High-resolution scanning electron microscopy images of the (a) Al, (b) CuO, (c) fullerene (C60), and (d) carbon black (CB) precursor materials employed in 
this study (Insets are the particle size distributions).
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required to reach that pressure.

2.5. Propulsion studies of small projectiles charged with Al/CuO/CM- 
based EMs

The propulsion characteristics of the EM powders were initially 
determined using a bullet-type small projectile launcher. The specifi
cations of the SUS304 bullet-type small projectile were as follows: mass: 
3.54 g; length: 2 cm; inner diameter: 0.74 cm; and outer diameter: 0.96 
cm; and the specifications of the gun barrel comprised of a glass tube 
were as follows: length: 50 cm; inner diameter: 1 cm; and outer diam
eter: 1.3 cm. To measure the propulsion characteristics of the small 
bullet-type projectile, approximately 400 mg of the EM powder was 
loaded into the small bullet-type projectile, which was aligned at the 
entrance of the gun barrel. By igniting the primer at the end of the 

projectile with a flame, the projectile was propelled rapidly within the 
gun barrel by the thrust generated during the combustion of the EM 
powder inside the bullet-type projectile. This motion was captured in 
real time using a high-speed camera to measure the average velocity of 
the projectile and calculate its kinetic energy. The average velocity of 
the projectile was determined by dividing the length of the gun barrel by 
the time required for the projectile to pass through it. The kinetic energy 
of the projectile was calculated using the formula EK = 0.5mv2, where 
EK, m, and v represent the kinetic energy (J), mass (kg), and average 
velocity (m/s) of the projectile, respectively.

Rocket-type small projectile propulsion studies were conducted to 
observe the propulsion characteristics of the EM powders. The prepared 
Al/CuO/CM-based EMs (Table 2) were applied as additives to a con
ventional solid propellant (i.e., KNO3 (Daejung Chemicals & Metals, 
Siheung, Republic of Korea) and sucrose (C12H22O11, Sigma-Aldrich) 

Fig. 2. High-resolution transmission electron microscopy images and energy-dispersive X-ray spectroscopy elemental mapping of (a, b) Al/CuO, (c, d) Al/CuO/C60, 
and (e, f) Al/CuO/CB.
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physically mixed using a ball mill (LM-BD4530, LK Lab Korea, 
Namyangju, Republic of Korea) at 60 rpm for approximately 90 min at a 
ratio of KNO3:C12H22O11 = 65:35 wt%, denoted KNSU hereafter). 
Various Al/CuO/CM and KNSU mixtures were compressed to approxi
mately 8 g at 20 bar for 1 min in a small rocket motor, which was 
installed in a wind tunnel (width: 30 cm, height: 30 cm, length: 2 m), 
and then ignited and combusted using an igniter to generate thrust 
within the rocket motor. The resulting thrust of the rocket motor was 
measured using a load cell (PW2D, Hottinger, Brüel, & Kjær, Darmstadt, 
Germany) and data acquisition device (espressoDAQ, Hottinger, Brüel, 
& Kjær).

3. Results and discussion

According to the results of high-resolution SEM, as shown in Fig. 1, 
the precursor materials employed in this study—Al, CuO, and CB and 
C60 as the fuel component, oxidizing agent, and agents used in con
trolling the thermochemical reactions, respectively—exhibit respective 
average diameters of 83.87 ± 2.43, 74.87 ± 0.46, and 39.30 ± 1.21 nm 
and 1.38 ± 0.03 μm. Al, CuO, and CB exhibit almost spherical shapes, 
whereas C60 exhibits various irregular shapes. CB, which generally 
consists of amorphous C, contains numerous defects and active sites, 
whereas C60 is characterized by a highly ordered structure, with fewer 
defects and a relatively low reactivity [26–28]. N2 adsorption studies 
reveal that CB exhibits a >10-fold higher specific surface area (SSA) 
compared to that of C60 (i.e., SSAC60 = 93.96 m2/g, SSACB = 1138.32 
m2/g), which is because CB and C60 respectively display nanometer- and 
micrometer-scale size distributions without any porous structures.

We conducted high-resolution transmission electron microscopy and 
EDS of the EMs formed by mixing the various precursor materials, and 

the results are shown in Fig. 2. In the EMs comprising only Al and CuO 
without the CMs, the Al and CuO particles are closely attached well at 
the nanoscale (Fig. 2a and b). In the Al/CuO/C60-based EMs, nanosized 
Al and CuO particles are well-attached, forming spherical particles 
around the larger polyhedral C60 on the microscale (Fig. 2c and d). In 
the Al/CuO/CB-based EMs, the three precursor materials are uniformly 
distributed (Fig. 2e and f). Based on the bonding states between the CM 
additives and Al/CuO-based EMs, the addition of CB (which exhibits a 
nanoscale size distribution) may facilitate more vigorous thermal energy 
release during the ignition and combustion of EMs compared to that 
facilitated by C60 (which displays a microscale size distribution).

DSC was performed to observe the exothermic characteristics 
induced by CM addition to the Al/CuO-based EMs. As shown in Fig. 3a 
and b, the maximum exothermic temperature gradually decreases as the 
amount of the C60 or CB additive within the EM increases. This is 
attributed to the enhancement of the thermal conductivity properties of 
the EM owing to CM addition. The thermal conductivity studies of the 
CMs used yield thermal conductivities of approximately 0.25 and 0.42  
W/m•K for C60 and CB, respectively. The areas under the exothermic 
DSC peaks shown in Fig. 3c were integrated. The results show that the 
total heat release significantly increases when C60 or CB is added at 1 wt 
% within the Al/CuO-based EM compared to that of the EM without CM 
additives. Calculating the total heat release of the EM as a function of 
CM addition, as shown in Fig. 3d, reveals a substantial increase in the 
total heat release when the CM is added at 0.5–1.0 wt%, whereas a CM 
content of >1.0 wt% results in a sharp decrease. This indicates the ne
cessity of experimentally determining the optimal amount of CM 
required to increase the total heat release from the EMs. Therefore, 
adding more than the optimal amount of CM may thermochemically 
interfere with the aluminothermic reaction between Al and CuO. 

Fig. 3. Differential scanning calorimetry (DSC) thermograms of the various Al/CuO-based energetic materials (EMs) added with different amounts of (a) fullerene 
(C60) and (b) carbon black (CB). (c) Comparison of the DSC thermograms and calculated total exothermic heat flows for the cases of Al/CuO, Al/CuO/C601, and Al/ 
CuO/CB1. (d) Total exothermic heat flows of the EMs as a functions of carbon material (CM) content.
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Furthermore, the levels of total heat release of the EMs with CB additives 
clearly surpass those of the EMs with C60 additives, despite containing 
the same C contents. This suggests that the potential utilization of 
diverse CM additives as thermochemical regulators in EMs depends on 
their thermal properties.

To observe changes in ignition characteristics of the Al/CuO-based 
EMs with varying amounts of CMs, the ignition delay times and igni
tion thresholds in terms of electrical sparks/frictional force/mechanical 
impact were measured, as shown in Fig. 4. Fig. 4a shows that the igni
tion delay times gradually decrease as the CM contents within the EMs 
increase. Upon applying a potential to a Pt wire (inset of Fig. 4a), 
localized heating occurs, and the EMs coated with CB, which displays a 
higher thermal conductivity than that of C60, exhibit relatively reduced 
ignition delay times. The ESD study (Fig. 4b) reveals that the ignition 
threshold of the spark energy decreases gradually with increasing CM 
content. The EM without CM additives exhibits a spark ignition 
threshold of 3.49 mJ, whereas Al/CuO/C6010 and Al/CuO/CB10 exhibit 
thresholds of 2.08 and 1.39 mJ, respectively. Thus, adding CB clearly 
reduces the ignition threshold more significantly than adding C60 to the 
EMs, which is attributed to the higher electrical conductivity (σ) of CB 
that facilitates the faster transmission of the applied electrical energy to 
the EMs (σC60 = 10–10 − 10–5 S/m [29]; σCB = 10–1 − 102 S/m [30]; σAl/ 

CuO = 10–10 − 10− 6 S/m [31]). However, the frictional force and me
chanical impact ignition threshold measurements (Fig. 4c and d) indi
cate that increasing the CM content enhances the stability of the Al/ 
CuO-based EMs. Whereas the composite without CM additives ignites 
easily under 10 N and 12.01 J of frictional force and mechanical impact 
energy, respectively, the ignition thresholds gradually increase with 
increasing CM content. CB addition, in particular, leads to higher 

increases in the ignition thresholds of the EMs compared to those caused 
by C60 addition, indicating enhanced frictional force and mechanical 
impact stabilities. This is attributed to the lower density of CB compared 
to that of C60, enabling the CB particles to envelop the composite more 
effectively at the same mass percentage, thereby protecting it from 
external frictional forces and mechanical impact. Moreover, the higher 
Young’s modulus (Y) of CB compared to that of C60 (YC60=~0.05 TPa 
[32]; YCB=~0.08 TPa [33]; YAl/CuO=~0.001 TPa [34]) suggests that CB 
more effectively absorbs and mitigates the external frictional force and 
mechanical impact on Al/CuO. These results indicate the importance of 
appropriately considering the addition of moderate amounts of CMs to 
Al/CuO-based EMs, as they can enhance the ignition characteristics 
while decreasing the electrical stabilities and improving the frictional 
force and mechanical impact stabilities.

To examine the effects of CM addition the burn rates of the Al/CuO- 
based EMs, a series of burn tube tests were also performed. Fig. 5a and b 
presents the schematic and photograph of the burn tube test system, 
respectively. Fig. 5c and d show the high-speed camera images of flame 
propagation of the Al/CuO-based EMs doped with various amounts of 
CM content. Commonly, when the CM is added at a level of approxi
mately ≤1 wt%, the burn rate gradually increases as the CM content 
increases. Inversely, as the burn rate increases, the total burning time 
generally decreases (Fig. 5e and f). The burn rate was determined by 
dividing the distance from the inlet to the outlet of the burn tube by the 
time required for flame propagation, and the total burning time was 
determined by the total time it takes for the flame to travel from the inlet 
to the outlet of the burn tube. As shown in Fig. 5e and f, at approxi
mately 1 wt% of added C60 and CB, the maximum burn rates of the EMs 
are approximately 312.50 and 337.10 m/s, respectively. However, when 

Fig. 4. (a) Ignition delay times and ignition thresholds of (b) spark energy, (c) frictional force, and (d) impaction energy for Al/CuO-based energetic materials (EMs) 
doped with various amounts of carbon material (CM) (the insets show the sequential images of the Al/CuO-based EMs ignited using a temperature-jump wire, a spark 
caused by electrostatic discharge, and a frictional force and hammer impact, respectively).
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the CM contents are >1 wt%, the burn rates of the EMs decrease sharply. 
Consequently, at up to a certain CM content, the burn rate of the EMs 
increases, whereas the total burning time decreases. However, adding 
excessive amounts of the CMs beyond the optimal amounts reduces the 
burn rates of the EMs, which is partially due to the CMs perturbing the 
aluminothermic reactions between Al and CuO within the EMs.

We measured the real-time changes in the explosion pressures within 
sealed pressure cells upon the artificial ignition of the Al/CuO-based EM 
powders with varying amounts of the CMs (Fig. 6a and b). The effects of 
CM addition on the explosion pressures of the EM powders during 
ignition were thus observed (Fig. 6c and d). The maximum explosion 
pressure and pressurization rate increase significantly when ≤1 wt% CM 
is added (Fig. 6e and f). The pressurization rate was calculated by 
dividing the maximum explosion pressure by the time required to reach 
it. Generally, the explosion pressure rapidly reaches its peak within an 
extremely short time and then decreases sharply. At high CM contents 
(>5 wt%), the increases in the explosion pressures of the EMs are 

relatively slow. Notably, similar to the previously observed results of the 
burn rate studies, the increases in the maximum explosion pressures and 
pressurization rates of the EMs are clearly more pronounced with CB 
addition compared to those observed with C60 addition. This suggests 
that CB, with its superior heat transfer properties within the Al/CuO- 
based EM matrix, enhances the combustion reaction more effectively 
than C60 when added in an appropriate amount. However, the excessive 
addition of CM (>5 wt%) deteriorates the combustion characteristics of 
the EMs.

To observe the effects of CM addition on the propulsion character
istics of the EMs, we filled bullet-type projectiles with the EM powders 
containing various amounts of the CMs. After ignition, we recorded the 
motions of the bullet-type projectiles in cylindrical glass gun barrels 
using a high-speed camera to calculate their average velocities and ki
netic energies (Fig. 7a–c). The propulsion performances of the bullet- 
type projectiles generally improve with CM addition to the Al/CuO- 
based EMs (Fig. 7d and e). The average velocities and kinetic energies 

Fig. 5. (a) Schematic and (b) photograph of burn tube apparatus, and high-speed camera images of the combustion flame propagation of the (c) fullerene (C60)- and 
(d) carbon black (CB)-added Al/CuO energetic materials (EMs) incorporated with different carbon material contents in the burn tube. Evolution of burn rate and total 
burning time of the (e) C60- and (f) CB-doped Al/CuO-based EMs.
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of the projectiles increase significantly and linearly with the addition of 
1 wt% CM and then gradually decrease with further addition. These 
trends are similar to the changes in the burn rates and explosion pres
sures of the EMs with various amounts of CM. Critically, CB addition 
results in larger increases in the average velocities and kinetic energies 
of the bullet-type projectiles compared to those observed following the 
addition of C60 at the same concentrations. This is attributed to the su
perior thermal properties of CB compared to those of C60, which enhance 
the propulsion performances during the combustion of the EMs. Addi
tionally, these findings suggest that the average velocities and kinetic 
energies of various bullet-type projectiles can be appropriately 
controlled by the types and amounts of the CMs within the Al/CuO- 
based EMs.

We also conducted rocket-type projectile propulsion studies to 
observe the changes in thrust generated by the traditional solid pro
pellant KNSU (i.e., KNO3/C12H22O11) powder when the Al/CuO/CM- 

based EMs were added. In these rocket-type projectile studies, a fixed 
mass ratio of KNSU: Al/CuO/CM = 96: 4 was used, and the materials 
were mechanically mixed using a ball mill. A schematic of the thrust 
measurement apparatus installed in the wind tunnel (30 × 30 × 200 cm) 
is shown in Fig. 8a. The prepared KNSU-Al/CuO/CM-based EMs is 
packed into the combustion chamber of a rocket projectile. Upon igni
tion, strong combustion flames and intense exhaust gases are observed. 
Real-time thrust curves are generated by connecting a load cell and data 
transmission, recording, and computer devices to a rocket-type projec
tile combustion chamber fixture, and the maximum thrust and specific 
impulse are determined based on these curves (Fig. 8b and c). The area 
under the thrust curve is defined as the total impulse, and the specific 
impulse is calculated by dividing the total impulse by the mass of the 
mixture. Additionally, high-speed camera measurements of the com
bustion chamber and flames were collected during rocket ignition. They 
show that the combustion flame and exhaust gases emitted from the 

Fig. 6. (a) Schematic and (b) photograph of pressure cell tester system, and explosion-induced pressure traces of Al/CuO-based energetic materials (EMs) with 
various amounts of (c) fullerene (C60) and (d) carbon black (CB) additives, and the maximum pressures and pressurization rates of the Al/CuO-based EMs with 
various amounts of (e) C60 and (f) CB additives.
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combustion chamber exit increase in intensity over time when using 
KNSU with added Al/CuO/CM-based EMs compared to those observed 
using pure KNSU (Fig. 8d). The levels of maximum thrust and specific 
impulse are summarized in Fig. 8e and f. The maximum thrust and 
specific impulse can be increased by up to ~30- and ~7-fold using KNSU 
with added Al/CuO/CM-based EMs compared to those observed using 
pure KNSU. Notably, the highest levels of maximum thrust and specific 
impulse are consistently observed when 1 wt% CM is added to the Al/ 
CuO-based EMs in the KNSU propellants, with general decreases in 
maximum thrust and specific impulse observed when their CM contents 
are >1 wt%. These trends can be inferred based on the burn rates and 
explosion pressures of the EM powders. The burn and pressurization rate 
and explosion pressure ranges of the Al/CuO/CM-based EMs signifi
cantly exceed those of KNSU (i.e., the combustion and pressurization 
rates and maximum explosion pressure of KNSU are ~0.004 m/s, 
~0.008 kPa/s, and ~1216.55 kPa, respectively). Therefore, the appli
cation of Al/CuO/CM-based EMs as combustion promoters to traditional 
KNSU solid propellants can enhance their propulsion performances. The 

Al/CuO/CM-based EMs were used as the primary propellants in the 
bullet-type projectiles, whereas they were used in small quantities as 
combustion promoters for the primary KNSU propellant in the rocket- 
type projectiles. Clearly, CB addition significantly enhances the pro
pulsion characteristics of the bullet-type projectiles compared to those 
observed following C60 addition. The overall amount of CM is lower 
compared to that of the primary KNSU propellant in a rocket-type pro
jectile. Therefore, the enhancement in propulsion performance with CB 
addition is higher compared to that observed following C60 addition but 
still lower than the enhancement observed when the Al/CuO/CM-based 
EM is used as the primary propellant in a bullet-type projectile. Ulti
mately, when comparing the various results of this study, it is suggested 
that the drastic change in combustion and propulsion characteristics of 
the EMs before and after the optimal amount of CM addition is closely 
related to the change in heat release (or energy density) based on the 
amount of CM added in Al/CuO-based EMs, as fundamentally confirmed 
in the DSC results.

Fig. 7. (a) Image of a bullet-type projectile and a schematic of the propulsion evaluation system, and still images of the ballistic studies of projectiles charged with 
the (b) fullerene (C60)- and (c) carbon black (CB)-doped Al/CuO energetic materials EMs) (Note: The red arrows indicate the locations of the bullet-type projectiles 
propelled by the EMs over time). The average speeds and kinetic energies of bullet-type projectiles charged with the (d) C60- and (e) CB-doped Al/CuO EMs. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. (a) Schematic of the thrust evaluation system for rocket-type projectiles and the measured thrust curves of the (b) KNSU-Al/CuO/C60- and (c) KNSU-Al/CuO/ 
CB-based propellants. (d) Still images of the combustion flames and exhaust plumes, and the levels of maximum thrust and specific impulse values generated by the 
rocket motors charged with the (e) various KNSU-Al/CuO/C60- and (f) KNSU-Al/CuO/CB-based propellants. (KNSU, KNO3: C12H22O11  = 65: 35 wt% and KNSU: Al/ 
CuO/carbon material = 96: 4 wt%).
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4. Conclusion

This study investigated the effects of CM addition on the ignition, 
combustion, and propulsion characteristics of Al/CuO-based EMs. We 
selected the representative CMs (i.e., C60 and CB) and incorporated them 
into Al/CuO-based EMs. The total heat release of the Al/CuO-based EMs 
increased with CM addition to a certain level (≤1 wt%), but the addition 
of excess CM (>1 wt%) led to a decrease in heat release. Additionally, 
although the sensitivity to electrical shock of the EMs increased with 
increasing CM content, its resistances to friction and mechanical shock 
improved. This was attributed to the higher electrical conductivity of the 
CM, which facilitated the rapid transmission of electrical shocks, 
whereas its increased mechanical elasticity absorbed and decelerated 
mechanical shocks. Therefore, to enhance the handling safeties of EMs, 
carefully determining the optimal amount of CM is crucial. The burn 
rates and explosion pressures of the Al/CuO-based EMs increased at 
levels of CM addition of ≤1 wt%, but declined sharply when the CM 
contents were >1 wt%. This suggested that an appropriate amount of 
CM promoted the aluminothermic reaction during ignition, whereas 
excessive CM addition impeded it. Based on the experimental total heat 
release, electrical and mechanical shock sensitivities, burn rate, and 
explosive pressure, CB (which displays a superior thermal conductivity 
compared to that of C60) significantly enhanced the ignition and com
bustion characteristics of the Al/CuO-based EMs when added in optimal 
amounts. Furthermore, we conducted small-scale bullet- and rocket-type 
projectile studies to evaluate the effects of these improvements on pro
pulsion performance. The optimal amount of CM led to an increased 
average velocity and kinetic energy in the bullet-type projectile studies 
and an enhanced thrust and specific impulse in the rocket-type projectile 
studies. However, an excessive CM content (>1 wt%) caused sharp de
teriorations in these propulsion characteristics. Thus, incorporating the 
optimal amount of a CM with an excellent thermal conductivity can 
improve the handling safety and enhance the ignition, combustion, and 
propulsion characteristics, enabling the design of EMs for use in thermal 
engineering applications.
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