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ABSTRACT

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 (> 1wt.%) 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.

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 5wt% of graphitized carbon black to Al/WO;3-
based nEMs; as a result, the modified materials became signifi-
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cantly less sensitive to high magnitudes of mechanical impact and
friction while exhibiting high electrostatic sensitivity due to the
relatively small content of the carbon modifier. Kappagantula et al.
[17] studied the influence of the Al/Teflon-based nEMs impreg-
nated with various carbon nanomaterials (including multiwalled
carbon nanotubes (MWCNTs), graphenes, and amorphous carbon
nanospheres) on their ignition properties during mechanical im-
pact. They found that the ignition energy of the fabricated nEMs
decreased sharply at MWCNT contents below 1wt.% and then in-
creased slowly at higher MWCNT concentrations. On the other
hand, when larger amounts of graphene and amorphous carbon
nanospheres were added to the Al/Teflon-based nEMs, their igni-
tion energy gradually decreased. However, it was difficult to quan-
tify the ignition and combustion properties of nEMs by mechanical
impaction because of the random formation of localized heating
spots on the surface of the modified nEMs.

Carbon materials have been also utilized to improve the ther-
mal properties of various functional composites because of their
high thermal conductivity and good light absorption properties
[18-24]. Among various carbon materials, carbon blacks (CBs) are
frequently used as functional additives since they are relatively in-
expensive and can be easily manufactured. Many research groups
have used CBs as a light absorber for igniting nEMs by laser beam
irradiation [16,23,24]. However, the role of CBs as a heat transfer
medium in the nEM matrix ignited by various thermal heat sources

0010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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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.

has not been systematically explored yet. Generally, nEMs contain-
ing Al particles as the fuel metal have relatively low thermal con-
ductivity due to the existence of an oxide layer on their surface
[25]. In order to enhance the heat transfer properties of Al-based
nEMs, the addition of CBs to their matrix can be considered as a
potential strategy. Therefore, it is very important to examine the
ignition and combustion properties of the CB-modified Al-based
nEMs as a potential heat transfer medium. In this work, we sys-
tematically investigated the effects of the addition of CB nanopar-
ticles (NPs) on the ignition and combustion properties of Al/CuO
NP-based nEMs (here Al NPs, CuO NPs, and CB NPs were used as
the fuel metal, oxidizer, and heat transfer medium, respectively).

2. Experimental
2.1. Fabrication of CB/Al/CuO composites

In this study, Al, CuO, and CB NPs were mixed to fabricate
CB/Al/CuO NP-based composite powders and pellets. Commercially
available Al (NT base Inc., Korea), CuO (NT base Inc., Korea), and
CB (Ketjenblack EC-300], Akzo Nobel Functional Chemicals, USA)
NPs with average particle sizes of 78 +£2.3nm, 1304+5.3 nm, and
47 + 1.3 nm, respectively, were used without further modification.
The fabricated CB/Al/CuO NP composites were ignited using a
cylindrical burn tube to examine their ignition and combustion
properties (Fig. 1).

To fabricate the Al/CuO-based nEM composites, Al NPs were
mixed with CuO NPs in ethanol (EtOH) solution at an Al:CuO mix-
ing ratio of 30:70 wt.%, which corresponded to the optimum com-
bustion conditions [26-28]. After that, various amounts of CB NPs
(0.0, 0.1, 0.3, 0.5, 1, 3, 5, and 10wt.%) were added to the nEM-
containing dispersion. To achieve a homogeneous dispersion of CB,
Al, and CuO NPs in EtOH, it was sonicated for 30 min at a power
of 200W and frequency of 40 kHz. After drying the CB/Al/CuO NP-
dispersed solution for 15min inside a convection oven heated to
80°C, the obtained CB/Al/CuO NP composite powders were char-
acterized using a field emission scanning electron microscope (FE-
SEM; Hitachi, Model S-4700) operated at a voltage of 15kV and
transmission electron microscope (TEM; FEI, Model Talos F200X)
operated at a voltage of 200kV. In addition, to examine ignition
and combustion properties of CB/Al/CuO NP composite powders,
a series of burn tube tests were conducted (see Fig. 1). Briefly,

~200mg of the CB/Al/CuO NP composite powders were filled with
in a polyethylene terephthalate (PETE) tube with a 3mm in diam-
eter and 50 mm in length, and then PETE tubes were inserted into
a transparent acrylic block. The one end of burn tube was ignited
using a hot-wire, and then the flame propagation toward the other
end was recorded using a high-speed camera.

2.2. Characterization of ignition and combustion properties of
CB/Al/CuO NP composites

To examine the ignition and combustion properties of the fab-
ricated CB/Al/CuO NP composite powders and pellets, various char-
acterization methods including pressure cell testing (PCT), temper-
ature jump (T-jump) ignition testing, high-speed camera analysis,
and thermogravimetric and differential scanning calorimetry (TG-
DSC) were utilized. A PCT procedure was used to analyze the pres-
sure traces and pressurization rates of the composite powders af-
ter their ignition inside a 13-mL sealed pressure cell [30]. It was
conducted by placing 16 mg of the tested powder in the sealed
pressure cell and igniting it with a hot tungsten wire at a cur-
rent of 2A and voltage of 1.5V. The pressurization rate was cal-
culated by measuring the maximum pressure and corresponding
rise time after the tested powders were detonated. A high-speed
camera (Photron, Model FASTCAM SA3 120K, 30,000 FPS) was uti-
lized to measure the burn rate and total burning time of the com-
posite powder. To determine the ignition delay times of the fabri-
cated CB/Al/CuO NP composites, they were subjected to a T-jump
testing procedure [29-33]. Pt wire with a diameter of 10 um was
coated with the prepared CB/Al/CuO NP powder by mixing 20 mg
of the tested composite with 200mg of the EtOH:H,O solution
with a mixing ratio of 44:56 wt.% [34]| followed by the sonication
for 30 min at a power of 200W and frequency of 40 kHz. To mea-
sure the heat flow generated by various CB/Al/CuO NP composites,
TG-DSC (Setaram, Model LABSYS evo) analysis was performed in a
nitrogen gas environment and the temperature range from 30 °C to
1000°C at a heating rate of 10°C min~'.

3. Results and discussion

According to the results of FE-SEM analysis, the fabricated
CB/Al/CuO NP composite powders had spherical shapes and were
highly aggregated (the average diameters of Al, CuO, and CB NPs
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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, is the average size of the

primary particles.).

were 784+2.3nm, 130+5.3nm, and 47 4+ 1.3 nm, respectively; see
Fig. 2).

The results of TEM analysis of the CB/Al /[CuO NP composite
with a CB content of 1wt.% are shown in Fig. 3a. It should be
noted that the Al NPs are surrounded by the passivation oxide
layer with a thickness of approximately 3-4nm (Fig. 3b). The ele-
mental mapping and energy dispersive spectroscopy (EDS) analyses
of the same powder (see Fig. 3¢ and d) revealed the presence of Al,

Cu, O, and C elements, while the Al, CuO, and CB NPs were homo-
geneously mixed at the nanoscale (the observed Si species likely
originated from the semiconductor detector of the TEM system.)
Figure 4a shows the pressure traces of the Al/CuO NP compos-
ites mixed with various amounts of CB NPs after their ignition in-
side the pressure cell. When 1 —3 wt.% of CB NPs was added to the
Al/CuO NP composite, the generated maximum pressure was close
or 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.

without CB NPs. However, the maximum pressure decreased when
the content of added CB NPs exceeded 3 wt.%. Figure 4b shows the
pressurization rates determined for various composite powders by
calculating the ratio of the maximum pressure to the rise time (the
steeper slopes of the pressure trace graphs indicate larger pressur-
ization rates). The pressurization rates of the Al/CuO NP compos-
ites mixed with 1 -3 wt.% of CB NPs were higher than that of the
Al/CuO NP composite without CB NPs. However, their magnitudes
significantly decreased after the addition of more than 3 wt.% of CB
NPs to the composite matrix. The obtained results suggest that the
presence of a critical amount of CB NPs (< 1-3wt.%) in the Al/CuO
NP composite strongly increases the maximum pressure and si-
multaneously decreases the rise time by rapidly transferring ex-
ternal heat energy to the Al/CuO NP composite matrix. However,
the presence of excessive amount of CB NPs (>3 wt.%) can sig-
nificantly deteriorate the combustion and explosive characteristics
of Al/CuO composite matrix, because the external heat energy ap-
plied is rapidly dissipated, and simultaneously the oxidation of Al
is thermochemically intervened by the excessive CB, which blocks
the oxygen transfer from CuO.

To examine the propagation characteristics of the flame gener-
ated by the ignition of CB/Al NP/CuO NP composites, a series of
burn tube tests were conducted. The effect of the addition of var-
ious amounts of CB NPs on the burn rate and total burning time
of the Al/CuO NP composite powders was examined by perform-
ing the burn tube tests. Figure 5 shows the snapshots taken by
the high-speed camera after the ignition of the CB/Al/CuO NP com-
posite powders. The burn rate was calculated as the length of the

burn tube (5cm) divided by the total time required for the flame
to propagate from its one end to the other end. The total burning
time was also determined as the time passed between the begin-
ning of the ignition and the reaching of flame at the end of burn
tube. Once the CB-containing Al/CuO NP composite powder was ig-
nited, its burn rate declined gradually with increasing amount of
added CB NPs up to 3 wt.%. However, it significantly decreased at a
CB NPs content greater than 3 wt.%. Simultaneously, the total burn-
ing time considerably increased with increasing amount of added
CB NPs in a composite powder, suggesting that the addition of a
critical amount of CB NPs to the Al/CuO NP composite matrix in-
creased the magnitude of heat dissipation and, thereby, hindered
the combustion of the fabricated Al/CuO NP composite powders.
To examine the effect of the amount of added CB NPs on the ig-
nition delay time of the Al/CuO NP composite powders, a series of
T-jump ignition tests were performed. The inset of Fig. 6 shows the
sequential snapshots taken by the high-speed camera during the T-
jump ignition of the Pt wire coated with the CB (1 wt.%)/Al/CuO NP
composite powder. The ignition process began after a power of 2W
was supplied to the Pt wire for 155.267 ms, which corresponded to
the actual ignition delay time (the ignition delay time in this study
was defined as the time passed between applying the power and
beginning of the ignition process). After activating the ignition pro-
cess, the composite powder visually exploded. Figure 6 shows the
ignition delay times of the Al/CuO NP composite powders contain-
ing various amounts of added CB NPs. Their magnitude monotoni-
cally decreased with increasing amount of added CB NPs, suggest-
ing that the presence of CB NPs in the Al/CuO NP composite matrix
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could reduce their ignition delay time due to the enhancement of
the heat transfer properties.

DSC measurements in the nitrogen gas environment were per-
formed to examine the effect of the CB NP addition on the total
heat energy generated by the Al/CuO NP composites (Fig. 7). The
obtained spectra show that exothermic reactions typically occur in
the temperature range of 500 —600°C, as indicated by the strong
exothermic peaks centered at around 580°C. The calculated total
heat energy generated by the Al/CuO NP composite without CB
NPs was 1752] g1, After increasing the amount of CB NPs in the
Al/CuO NP matrix from 0.1 to 10wt.%, the value of the total heat
energy (AHy,) gradually decreased confirming that CB NPs could
be used as a control medium for the self-propagating combustion
and explosion reactions of the Al/CuO NP composites due to ther-
mochemical intervention.

CB content
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Fig. 5. Snapshots of combustion of the Al/CuO NP composite powders 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.

To demonstrate the effect of CB NPs as a control medium on
the combustion and explosion reactions of the fabricated Al/CuO
NP composite powders, a series of explosion tests were performed
(see Fig. 8) [35]. During the sand dent experiments, 20 mg of the
Al/CuO NP composites with various contents of added CB NPs were
loaded and ignited on the surface of bentonite soil with around 50
% theoretical density. After the combustion and explosion reactions
were complete, craters with various diameters were created. When
Al NP/CuO NP powders without CB NPs or with CB contents less
than 1wt.% were used, the diameters of the formed craters were
around 20 mm. However, when the amount of CB NPs was greater
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than 1wt.%, the diameter of the crater significantly decreased. The
obtained results confirm that the addition of a critical amount of
CB NPs can improve the combustion and explosion characteristics
of nEMs composites by affecting their heat transfer and thermo-
chemical properties, and that CB NP additives can serve as an ef-
fective control medium for the ignition, combustion, and explosion
reactions of nEMs in thermal engineering applications.

4. Conclusions

In this work, the effect of the CB NP addition on the ignition
and combustion properties of the Al/CuO NP-based nEMs has been
examined. The CB/AI/CuO NP composite powders were fabricated
via simple sonication in EtOH solution followed by solvent evap-
oration. The presence of less than 1wt.% of CB NPs in the Al/CuO
NP-based nEMs increased their pressurization and burn rates due
to the enhanced heat transfer in the self-propagating combustion
reactions. However, the addition of excessive CB NPs (> 1wt.%) to
the Al/CuO NP-based nEMs significantly suppressed their combus-
tion and explosion processes due to the external heat dissipation
by rapid heat transfer and the thermochemical intervention in the
self-propagating reactions by blockage of oxygen transfer from CuO
NPs to Al NPs. The ignition delay time was monotonically reduced
with the presence of CB NPs in the Al/CuO NP-based nEMs due to
the enhanced heat transfer properties. The total heat energy was
gradually decreased with increasing amount of CB NPs because
of their thermochemical intervention in the exothermic reactions.
Hence, CB NP-based additives can be used as a potential control
medium, which strongly affects the heat transfer and thermochem-
ical interactions between nEM components and allows precise tun-
ing their ignition and combustion properties for various thermal
engineering applications.
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Fig. 8. Snapshot images obtained during the ignition and combustion of the Al/CuO NP composites containing various amounts of CB NPs loaded on the surface of bentonite

soil, and the images of resulting craters formed after explosion reactivity.



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

Acknowledgments

This work was supported by the Civil and Military Technology
Cooperation Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Science and ICT (Grant
Number 2013M3C1A9055407).

References

[1] S.H. Kim, M.R. Zachariah, Enhancing the rate of energy release from nanoener-
getic materials by electrostatically enhanced assembly, Adv. Mater. 16 (2004)
1821-1825.

[2] W.P. King, S. Saxena, B.A. Nelson, B.L. Weeks, R. Pitchimani, Nanoscale thermal
analysis of an energetic material, Nano Lett. 6 (2006) 2145-2149.

[3] R. Shende, S. Subramanian, S. Hasan, S. Apperson, R. Thiruvengadathan, K. Gan-

gopa dhyay, S. Gangopadhyay, P. Redner, D. Kapoor, S. Nicolich, W. Balas,

Nanoenergetic composites of CuO nanorods, nanowires, and Al-nanoparticles,

Prop. Explos. Pyrotech. 33 (2008) 122-130.

J.Y. Ahn, W.D. Kim, J.H. Kim, J.H. Kim, J.K. Lee, ].M. Kim, S.H. Kim, Gas-phase

synthesis of bimetallic oxide nanoparticles with designed elemental compo-

sitions for controlling the explosive reactivity of nanoenergetic materials, J.

Nanomater. 2011 (2011) 42.

C. Wu, K. Sullivan, S. Chowdhury, G. Jian, L. Zhou, M.R. Zachariah, Encapsula-

tion of perchlorate salts within metal oxides for application as nanoenergetic

oxidizers, Adv. Funct. Mater. 22 (2012) 78-85.

F. Séverac, P. Alphonse, A. Estéve, A. Bancaud, C. Rossi, High-energy Al/Cu0O

nanocomposites obtained by DNA-directed assembly, Adv. Funct. Mater. 22

(2012) 323-329.

G. Jian, J. Feng, RJ. Jacob, G.C. Egan, M.R. Zachariah, Super-reactive nanoener-

getic gas generators based on periodate salts, Angew. Chem. Int. Ed. 52 (2013)

9743-9746.

[8] S.B. Kim, K.J. Kim, M.H. Cho, J.H. Kim, K.T. Kim, S.H. Kim, Micro- and nanoscale
energetic materials as effective heat energy sources for enhanced gas genera-
tors, ACS Appl. Mater. Interfaces 8 (2016) 9405-9412.

[9] M.H. Emily, M. Steven, L.P. Michelle, D. Freddie, Impact ignition of nano and
micron composite energetic materials, Int. J. Impact. Eng. 36 (2009) 842-846.

[10] X. Zhou, M. Torabi, J. Lu, R. Shen, K. Zhang, Nanostructured energetic com-
posites: synthesis, ignition/combustion modeling, and applications, ACS Appl.
Mater. Interfaces 6 (2014) 3058-3074.

[11] Y. Zhang, D. Liu, C. Lv, Preparation and characterization of reticular nano-HMX,
Prop. Explos. Pyrotech. 30 (2005) 438-441.

[12] J.G. Franco, D.C. Ronald, D.T. Tri, Small-scale performance testing for studying
new explosives, 6th VACENT Technical International Conference, Milpitas, CA,
U SA (2005) UCRL-CONF-212196.

[13] CK. Saw, Kinetics of HMX and phase transitions: effects of grain size at ele-
vated temperature, 12th International Detonation Symposium, San Diego, CA
(2002) UCRL-JC-145228.

[14] A. Gash, T. Barbee, O. Cervantes, Stab sensitivity of energetic nano-laminates,
33rd International Pyrotechnic Seminar, Fort Collins, CO, USA (2006) UCR-
L-PROC-221604.

[15] B.A. Khasainov, B.S. Ermolaev, H.N. Presles, P. Vidal, On the effect of grain size
on shock sensitivity of heterogeneous high explosives, Shock Waves 7 (1997)
89-105.

[16] A. Bach, P. Gibot, L. Vidal, R. Gadiou, D. Spitzer, Modulation of the reactivity
of a WO3/Al energetic material with graphitized carbon black as additive, ].
Energy Mater. 33 (2015) 260-276.

[4

[5

(6

7

[17] K. Kappagantula, M.L. Pantoya, E.M. Hunt, Impact ignition of aluminum-teflon
based energetic materials impregnated with nanostructured carbon additives,
J. Appl. Phys. 112 (2012) 024902.

[18] G. Yuan, X. Li, Z. Dong, X. Xiong, B. Rand, Z. Cui, Y. Cong, J. Zhang, Y. Li,
Z. Zhang, ]. Wang, Pitch-based ribbon-shaped carbon-fiber-reinforced one-di-
mensional carbon/carbon composites with ultra-high thermal conductivity,
Carbon 68 (2014) 413-425.

[19] R. Xu, M. Chen, FE. Zhang, X. Huang, X. Luo, C. Lei, S. Lu, X. Zhang, High ther-
mal conductivity and low electrical conductivity tailored in carbon nanotube
(carbon black)/polypropylene (alumina) composites, Compos. Sci. Technol. 133
(2016) 111-118.

[20] S. Han, J.T. Lin, Y. Yamada, D.D.L. Chung, Enhancing the thermal conductivity
and compressive modulus of carbon fiber polymer-matrix composites in the
through-thickness direction by nanostructuring the interlaminar interface with
carbon black, Carbon 46 (2008) 1060-1071.

[21] J.H. Kim, S.B. Kim, M.G. Choi, D.H. Kim, K.T. Kim, H.M. Lee, H.W. Lee, J.M. Kim,
S.H. Kim, Flash-ignitable nanoenergetic materials with tunable underwater
explosion reactivity: the role of sea urchin-like carbon nanotubes, Combust.
Flame. 162 (2015) 1448-1454.

[22] J.H. Kim, ]J.Y. Ahn, H.S. Park, S.H. Kim, Optical ignition of nanoenergetic mate-
rials: the role of single-walled carbon nanotubes as potential optical igniters,
Combust. Flam. 160 (2013) 830-834.

[23] X. Fang, S.R. Ahmad, Laser ignition of an optically sensitised secondary explo-
sive by a diode laser, Cent. Eur. ]. Energ. Mat. 13 (2016) 103-115.

[24] X. Fang, W.G. Mcluckie, Laser ignitibility of insensitive secondary explosive
1,1-diamino-2,2-dinitroethene (FOX-7), ]. Hazard. Mater. 285 (2015) 375-382.

[25] A.N. Vladimir, D.I. Charles, Measurements of thermal conductivity of aluminum
nanopowders by photoacoustic spectroscopy, ENS 2007 Paris, France (2007)
978-2-35500-003-4.

[26] J.Y. Ahn, J.H. Kim, J.M. Kim, D.W. Lee, J.K. Park, S.H. Kim, Effect of oxidizer
nanostructures on propulsion forces generated by thermal ignition of nano-a-
luminum-based propellants, ]. Nanosci. Nanotechnol. 13 (2016) 7037-7041.

[27] J.Y. Ahn, J.H. Kim, ].M. Kim, D.W. Lee, J.K. Park, D.G. Lee, S.H. Kim, Combustion
characteristics of high-energy Al/CuO composite powders: the role of oxidizer
structure and pellet density, Powder Technol. 241 (2013) 67-73.

[28] KJ. Kim, H. Jung, J.H. Kim, N.S. Jang, ].M. Kim, S.H. Kim, Nanoenergetic mate-
rial-on-multiwalled carbon nanotubes paper chip as compact and flexible ig-
niter, Carbon 114 (2017) 217-223.

[29] K.T. Sullivan, N.W. Piekiel, C. Wua, S. Chowdhury, S.T. Kelly, T.C. Hufnagel,
K. Fezzaa, M.R. Zachariah, Reactive sintering: an important component in the
combustion of nanocomposite thermites, Combust. Flame. 159 (2012) 2-15.

[30] G. Jian, S. Chowdhury, K.T. Sullivan, M.R. Zachariah, Nanothermite reactions: Is
gas phase oxygen generation from the oxygen carrier an essential prerequisite
to ignition? Combust. Flame. 160 (2013) 432-437.

[31] K.T. Sullivan, N.W. Piekiel, S. Chowdhury, C. Wu, M.R. Zachariah, C.E. Johnson,
Ignition and combustion characteristics of nanoscale Al/AglOs: a potential en-
ergetic biocidal system, Combust. Sci. Technol. 183 (2011) 285-302.

[32] L. Zhou, N. Piekiel, S. Chowdhury, M.R. Zachariah, Time-resolved mass spec-
trometry of the exothermic reaction between nanoaluminum and metal ox-
ides: the role of oxygen release, ]. Phys. Chem. C. 114 (2010) 14269-14275.

[33] L. Zhou, N. Piekiel, S. Chowdhury, M.R. Zachariah, T-Jump/time-of-flight mass
spectrometry for timeresolved analysis of energetic materials, Rapid Commun.
Mass Spectrom. 23 (2009) 194-202.

[34] LS. Khattab, F. Bandarkar, M. Amin, A. Fakhree, A. Jouyban, Density, viscosity,
and surface tension of water+ethanol mixtures from 293 to 323K, Korean J.
Chem. Eng. 29 (2012) 812-817.

[35] A. Daniel, L. Bibiana, Craters produced by explosions above the soil surface, ].
Appl. Mech T. ASME. 73 (2006) 890-900.


http://dx.doi.org/10.13039/501100004083
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0001
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0001
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0001
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0002
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0002
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0002
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0002
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0002
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0002
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0003
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0004
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0005
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0006
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0006
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0006
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0006
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0006
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0006
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0007
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0007
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0007
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0007
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0007
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0007
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0008
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0009
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0009
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0009
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0009
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0009
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0010
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0010
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0010
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0010
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0010
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0010
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0011
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0011
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0011
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0011
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0012
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0012
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0012
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0012
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0013
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0013
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0014
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0014
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0014
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0014
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0015
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0015
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0015
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0015
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0015
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0016
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0016
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0016
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0016
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0016
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0016
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0017
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0017
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0017
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0017
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0018
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0019
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0020
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0020
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0020
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0020
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0020
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0021
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0022
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0022
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0022
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0022
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0022
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0023
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0023
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0023
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0024
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0024
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0024
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0025
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0025
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0025
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0026
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0027
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0028
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0029
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0030
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0030
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0030
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0030
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0030
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0031
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0032
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0032
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0032
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0032
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0032
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0033
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0033
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0033
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0033
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0033
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0034
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0034
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0034
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0034
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0034
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0034
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0035
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0035
http://refhub.elsevier.com/S0010-2180(18)30200-1/sbref0035

	Tuning the ignition and combustion properties of nanoenergetic materials by incorporating with carbon black nanoparticles
	1 Introduction
	2 Experimental
	2.1 Fabrication of CB/Al/CuO composites
	2.2 Characterization of ignition and combustion properties of CB/Al/CuO NP composites

	3 Results and discussion
	4 Conclusions
	 Acknowledgments
	 References


