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a b s t r a c t 

In this study, the effect of carbon black nanoparticle (CB NP) additives on the ignition and combustion 

properties of Al/CuO NP-based nanoscale energetic materials (nEMs) has been systematically investigated. 

When an excessive amount of CB NPs ( > 1 wt.%) was added to these nEMs, their pressurization and burn 

rates were considerably suppressed by a magnitude of about 50% due to the heat dissipation and ther- 

mochemical intervention in the self-propagating reactions of Al/CuO NPs. The ignition delay time of the 

studied energetic materials was monotonically reduced with increasing amount of added CB NPs because 

of the enhancement of their heat transfer properties. The total heat energy generated by the Al/CuO 

NP-based nEMs gradually decreased with increasing amount of CB NPs because of their thermochemical 

intervention in the exothermic reaction. Finally, the results of soil explosion testing revealed that the di- 

ameter of the produced crater could be controlled by varying the content of CB NPs in the nEM matrix. 

Therefore, the CB NP additives can be potentially used as a control medium, which affects the heat trans- 

fer process and thermochemical interactions between nEM components and is thus capable of precisely 

tuning their ignition, combustion, and explosion properties for various thermal engineering applications. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Energetic materials (EMs) are composites containing fuel metal

and oxidizer components, which are capable of storing chemical

energy inherently and then rapidly converting it to thermal energy

via external ignition [1–7] . Therefore, EMs are generally used in

applications that require high energy conversion in a very short

time such as explosives, pyrotechnics, and propellants. Recently,

many research groups have investigated nanoscale EMs (nEMs) be-

cause their heat energy release rates are much larger than those

of macro- and microscale EMs [8–10] . In addition, the thermal and

combustion characteristics of nEMs (including thermal decompo-

sition properties, sensitivity, and operational performance [11–15] )

can be improved by controlling the size and homogeneous distri-

bution of reacting components. 

Controlling the ignition and combustion properties of nEMs is

essential for various civil and military applications. Many research

groups have attempted to achieve this by adding carbon mate-

rials into the nEM matrix. Bach et al. [16] developed insensitive

nEMs by adding 5 wt.% of graphitized carbon black to Al/WO 3 -

based nEMs; as a result, the modified materials became signifi-
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antly less sensitive to high magnitudes of mechanical impact and

riction while exhibiting high electrostatic sensitivity due to the

elatively small content of the carbon modifier. Kappagantula et al.

17] studied the influence of the Al/Teflon-based nEMs impreg-

ated with various carbon nanomaterials (including multiwalled

arbon nanotubes (MWCNTs), graphenes, and amorphous carbon

anospheres) on their ignition properties during mechanical im-

act. They found that the ignition energy of the fabricated nEMs

ecreased sharply at MWCNT contents below 1 wt.% and then in-

reased slowly at higher MWCNT concentrations. On the other

and, when larger amounts of graphene and amorphous carbon

anospheres were added to the Al/Teflon-based nEMs, their igni-

ion energy gradually decreased. However, it was difficult to quan-

ify the ignition and combustion properties of nEMs by mechanical

mpaction because of the random formation of localized heating

pots on the surface of the modified nEMs. 

Carbon materials have been also utilized to improve the ther-

al properties of various functional composites because of their

igh thermal conductivity and good light absorption properties

18–24] . Among various carbon materials, carbon blacks (CBs) are

requently used as functional additives since they are relatively in-

xpensive and can be easily manufactured. Many research groups

ave used CBs as a light absorber for igniting nEMs by laser beam

rradiation [16,23,24] . However, the role of CBs as a heat transfer

edium in the nEM matrix ignited by various thermal heat sources
. 

https://doi.org/10.1016/j.combustflame.2018.05.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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Fig. 1. A schematic describing the fabrication of CB/Al/CuO NP composite powders and testing their combustion properties using a cylindrical burn tube. 
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as not been systematically explored yet. Generally, nEMs contain-

ng Al particles as the fuel metal have relatively low thermal con-

uctivity due to the existence of an oxide layer on their surface

25] . In order to enhance the heat transfer properties of Al-based

EMs, the addition of CBs to their matrix can be considered as a

otential strategy. Therefore, it is very important to examine the

gnition and combustion properties of the CB-modified Al-based

EMs as a potential heat transfer medium. In this work, we sys-

ematically investigated the effects of the addition of CB nanopar-

icles (NPs) on the ignition and combustion properties of Al/CuO

P-based nEMs (here Al NPs, CuO NPs, and CB NPs were used as

he fuel metal, oxidizer, and heat transfer medium, respectively). 

. Experimental 

.1. Fabrication of CB/Al/CuO composites 

In this study, Al, CuO, and CB NPs were mixed to fabricate

B/Al/CuO NP-based composite powders and pellets. Commercially

vailable Al (NT base Inc., Korea), CuO (NT base Inc., Korea), and

B (Ketjenblack EC-300 J, Akzo Nobel Functional Chemicals, USA)

Ps with average particle sizes of 78 ± 2.3 nm, 130 ± 5.3 nm, and

7 ± 1.3 nm, respectively, were used without further modification.

he fabricated CB/Al/CuO NP composites were ignited using a

ylindrical burn tube to examine their ignition and combustion

roperties ( Fig. 1 ). 

To fabricate the Al/CuO-based nEM composites, Al NPs were

ixed with CuO NPs in ethanol (EtOH) solution at an Al:CuO mix-

ng ratio of 30:70 wt.%, which corresponded to the optimum com-

ustion conditions [26–28] . After that, various amounts of CB NPs

0.0, 0.1, 0.3, 0.5, 1, 3, 5, and 10 wt.%) were added to the nEM-

ontaining dispersion. To achieve a homogeneous dispersion of CB,

l, and CuO NPs in EtOH, it was sonicated for 30 min at a power

f 200 W and frequency of 40 kHz. After drying the CB/Al/CuO NP-

ispersed solution for 15 min inside a convection oven heated to

0 °C, the obtained CB/Al/CuO NP composite powders were char-

cterized using a field emission scanning electron microscope (FE-

EM; Hitachi, Model S-4700) operated at a voltage of 15 kV and

ransmission electron microscope (TEM; FEI, Model Talos F200X)

perated at a voltage of 200 kV. In addition, to examine ignition

nd combustion properties of CB/Al/CuO NP composite powders,

 series of burn tube tests were conducted (see Fig. 1 ). Briefly,
200 mg of the CB/Al/CuO NP composite powders were filled with

n a polyethylene terephthalate (PETE) tube with a 3 mm in diam-

ter and 50 mm in length, and then PETE tubes were inserted into

 transparent acrylic block. The one end of burn tube was ignited

sing a hot-wire, and then the flame propagation toward the other

nd was recorded using a high-speed camera. 

.2. Characterization of ignition and combustion properties of 

B/Al/CuO NP composites 

To examine the ignition and combustion properties of the fab-

icated CB/Al/CuO NP composite powders and pellets, various char-

cterization methods including pressure cell testing (PCT), temper-

ture jump (T-jump) ignition testing, high-speed camera analysis,

nd thermogravimetric and differential scanning calorimetry (TG-

SC) were utilized. A PCT procedure was used to analyze the pres-

ure traces and pressurization rates of the composite powders af-

er their ignition inside a 13-mL sealed pressure cell [30] . It was

onducted by placing 16 mg of the tested powder in the sealed

ressure cell and igniting it with a hot tungsten wire at a cur-

ent of 2 A and voltage of 1.5 V. The pressurization rate was cal-

ulated by measuring the maximum pressure and corresponding

ise time after the tested powders were detonated. A high-speed

amera (Photron, Model FASTCAM SA3 120 K, 30,0 0 0 FPS) was uti-

ized to measure the burn rate and total burning time of the com-

osite powder. To determine the ignition delay times of the fabri-

ated CB/Al/CuO NP composites, they were subjected to a T-jump

esting procedure [29–33] . Pt wire with a diameter of 10 μm was

oated with the prepared CB/Al/CuO NP powder by mixing 20 mg

f the tested composite with 200 mg of the EtOH:H 2 O solution

ith a mixing ratio of 44:56 wt.% [34] followed by the sonication

or 30 min at a power of 200 W and frequency of 40 kHz. To mea-

ure the heat flow generated by various CB/Al/CuO NP composites,

G-DSC (Setaram, Model LABSYS evo) analysis was performed in a

itrogen gas environment and the temperature range from 30 °C to

0 0 0 °C at a heating rate of 10 °C min 

−1 . 

. Results and discussion 

According to the results of FE-SEM analysis, the fabricated

B/Al/CuO NP composite powders had spherical shapes and were

ighly aggregated (the average diameters of Al, CuO, and CB NPs



266 H.S. Kim et al. / Combustion and Flame 194 (2018) 264–270 

Fig. 2. FE-SEM images of the (a) Al NPs, (c) CuO NPs, and (e) CB NPs. Particle size distributions of the (b) Al NPs, (d) CuO NPs, and (f) CB NPs. ( D p is the average size of the 

primary particles.). 
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were 78 ± 2.3 nm, 130 ± 5.3 nm, and 47 ± 1.3 nm, respectively; see

Fig. 2 ). 

The results of TEM analysis of the CB/Al /CuO NP composite

with a CB content of 1 wt.% are shown in Fig. 3 a. It should be

noted that the Al NPs are surrounded by the passivation oxide

layer with a thickness of approximately 3-4 nm ( Fig. 3 b). The ele-

mental mapping and energy dispersive spectroscopy (EDS) analyses

of the same powder (see Fig. 3 c and d) revealed the presence of Al,
u, O, and C elements, while the Al, CuO, and CB NPs were homo-

eneously mixed at the nanoscale (the observed Si species likely

riginated from the semiconductor detector of the TEM system.) 

Figure 4 a shows the pressure traces of the Al/CuO NP compos-

tes mixed with various amounts of CB NPs after their ignition in-

ide the pressure cell. When 1 − 3 wt.% of CB NPs was added to the

l/CuO NP composite, the generated maximum pressure was close

r slightly greater than that produced by the Al/CuO NP composite
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Fig. 3. (a) Low-resolution TEM image of the CB (1 wt%)/Al/CuO NP composite powder and (b) high-resolution TEM image of Al NPs in the same composite. Results of (c) 

elemental mapping and (d) EDS analysis of the CB (1 wt.%)/Al/CuO NP composite powder. 
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ithout CB NPs. However, the maximum pressure decreased when

he content of added CB NPs exceeded 3 wt.%. Figure 4 b shows the

ressurization rates determined for various composite powders by

alculating the ratio of the maximum pressure to the rise time (the

teeper slopes of the pressure trace graphs indicate larger pressur-

zation rates). The pressurization rates of the Al/CuO NP compos-

tes mixed with 1 − 3 wt.% of CB NPs were higher than that of the

l/CuO NP composite without CB NPs. However, their magnitudes

ignificantly decreased after the addition of more than 3 wt.% of CB

Ps to the composite matrix. The obtained results suggest that the

resence of a critical amount of CB NPs ( ≤ 1-3 wt.%) in the Al/CuO

P composite strongly increases the maximum pressure and si-

ultaneously decreases the rise time by rapidly transferring ex-

ernal heat energy to the Al/CuO NP composite matrix. However,

he presence of excessive amount of CB NPs ( > 3 wt.%) can sig-

ificantly deteriorate the combustion and explosive characteristics

f Al/CuO composite matrix, because the external heat energy ap-

lied is rapidly dissipated, and simultaneously the oxidation of Al

s thermochemically intervened by the excessive CB, which blocks

he oxygen transfer from CuO. 

To examine the propagation characteristics of the flame gener-

ted by the ignition of CB/Al NP/CuO NP composites, a series of

urn tube tests were conducted. The effect of the addition of var-

ous amounts of CB NPs on the burn rate and total burning time

f the Al/CuO NP composite powders was examined by perform-

ng the burn tube tests. Figure 5 shows the snapshots taken by

he high-speed camera after the ignition of the CB/Al/CuO NP com-

osite powders. The burn rate was calculated as the length of the
urn tube (5 cm) divided by the total time required for the flame

o propagate from its one end to the other end. The total burning

ime was also determined as the time passed between the begin-

ing of the ignition and the reaching of flame at the end of burn

ube. Once the CB-containing Al/CuO NP composite powder was ig-

ited, its burn rate declined gradually with increasing amount of

dded CB NPs up to 3 wt.%. However, it significantly decreased at a

B NPs content greater than 3 wt.%. Simultaneously, the total burn-

ng time considerably increased with increasing amount of added

B NPs in a composite powder, suggesting that the addition of a

ritical amount of CB NPs to the Al/CuO NP composite matrix in-

reased the magnitude of heat dissipation and, thereby, hindered

he combustion of the fabricated Al/CuO NP composite powders. 

To examine the effect of the amount of added CB NPs on the ig-

ition delay time of the Al/CuO NP composite powders, a series of

-jump ignition tests were performed. The inset of Fig. 6 shows the

equential snapshots taken by the high-speed camera during the T-

ump ignition of the Pt wire coated with the CB (1 wt.%)/Al/CuO NP

omposite powder. The ignition process began after a power of 2 W

as supplied to the Pt wire for 155.267 ms, which corresponded to

he actual ignition delay time (the ignition delay time in this study

as defined as the time passed between applying the power and

eginning of the ignition process). After activating the ignition pro-

ess, the composite powder visually exploded. Figure 6 shows the

gnition delay times of the Al/CuO NP composite powders contain-

ng various amounts of added CB NPs. Their magnitude monotoni-

ally decreased with increasing amount of added CB NPs, suggest-

ng that the presence of CB NPs in the Al/CuO NP composite matrix
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Fig. 4. (a) Pressure traces and (b) pressurization rates of the Al/CuO NP composites 

containing various amounts of added CB NPs after their ignition in the pressure cell. 

Fig. 6. Evolution of the ignition delay time measured for the Al/CuO NP composite 

powders containing various amounts of CB NPs. (The inset displays the snapshots of 

the CB (1 wt.%)/Al/CuO NP composite powder ignited by the Pt wire during T-jump 

testing.). 
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Fig. 5. Snapshots of combustion of the Al/CuO NP composite powd
ould reduce their ignition delay time due to the enhancement of

he heat transfer properties. 

DSC measurements in the nitrogen gas environment were per-

ormed to examine the effect of the CB NP addition on the total

eat energy generated by the Al/CuO NP composites ( Fig. 7 ). The

btained spectra show that exothermic reactions typically occur in

he temperature range of 50 0 − 60 0 °C, as indicated by the strong

xothermic peaks centered at around 580 °C. The calculated total

eat energy generated by the Al/CuO NP composite without CB

Ps was 1752 J g −1 . After increasing the amount of CB NPs in the

l/CuO NP matrix from 0.1 to 10 wt.%, the value of the total heat

nergy ( �H total ) gradually decreased confirming that CB NPs could

e used as a control medium for the self-propagating combustion

nd explosion reactions of the Al/CuO NP composites due to ther-

ochemical intervention. 
ers containing various amounts of CB NPs in the burn tubes. 
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Fig. 7. DSC spectra recorded for the Al/CuO NP composites containing various 

amounts of CB NPs in the nitrogen gas environment. 
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To demonstrate the effect of CB NPs as a control medium on

he combustion and explosion reactions of the fabricated Al/CuO

P composite powders, a series of explosion tests were performed

see Fig. 8 ) [35] . During the sand dent experiments, 20 mg of the

l/CuO NP composites with various contents of added CB NPs were

oaded and ignited on the surface of bentonite soil with around 50

 theoretical density. After the combustion and explosion reactions

ere complete, craters with various diameters were created. When

l NP/CuO NP powders without CB NPs or with CB contents less

han 1 wt.% were used, the diameters of the formed craters were

round 20 mm. However, when the amount of CB NPs was greater
ig. 8. Snapshot images obtained during the ignition and combustion of the Al/CuO NP co

oil, and the images of resulting craters formed after explosion reactivity. 
han 1 wt.%, the diameter of the crater significantly decreased. The

btained results confirm that the addition of a critical amount of

B NPs can improve the combustion and explosion characteristics

f nEMs composites by affecting their heat transfer and thermo-

hemical properties, and that CB NP additives can serve as an ef-

ective control medium for the ignition, combustion, and explosion

eactions of nEMs in thermal engineering applications. 

. Conclusions 

In this work, the effect of the CB NP addition on the ignition

nd combustion properties of the Al/CuO NP-based nEMs has been

xamined. The CB/Al/CuO NP composite powders were fabricated

ia simple sonication in EtOH solution followed by solvent evap-

ration. The presence of less than 1 wt.% of CB NPs in the Al/CuO

P-based nEMs increased their pressurization and burn rates due

o the enhanced heat transfer in the self-propagating combustion

eactions. However, the addition of excessive CB NPs ( > 1 wt.%) to

he Al/CuO NP-based nEMs significantly suppressed their combus-

ion and explosion processes due to the external heat dissipation

y rapid heat transfer and the thermochemical intervention in the

elf-propagating reactions by blockage of oxygen transfer from CuO

Ps to Al NPs. The ignition delay time was monotonically reduced

ith the presence of CB NPs in the Al/CuO NP-based nEMs due to

he enhanced heat transfer properties. The total heat energy was

radually decreased with increasing amount of CB NPs because

f their thermochemical intervention in the exothermic reactions.

ence, CB NP-based additives can be used as a potential control

edium, which strongly affects the heat transfer and thermochem-

cal interactions between nEM components and allows precise tun-

ng their ignition and combustion properties for various thermal

ngineering applications. 
mposites containing various amounts of CB NPs loaded on the surface of bentonite 
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