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a b s t r a c t

Laser irradiation permits the remote ignition of nanoenergetic materials (nEMs). To reliably ignite nEMs
with lower-power laser irradiation, light-sensitive materials could be added to the nEMs matrix. In this
study, we investigated the effects of multi-walled carbon nanotubes (MWCNTs) on the combustion and
explosion characteristics of laser irradiation-ignited nEMs. The threshold power and delay time of
ignition gradually decreased with increases in the MWCNT contents of Al nanoparticle (NP)/CuO NP-
based nEMs. The threshold power and delay time of MWCNT (10 wt%)/Al NP/CuO NP ignition were
reduced to ~40% and ~50%, respectively, of those of MWCNT (0 wt%)/Al NP/CuO NP. This suggests that the
MWCNTs act as effective optical igniters by absorbing irradiated laser beams and subsequently gener-
ating heat by the photo-thermal effect, promoting nEMs ignition. The optimal addition of �2 wt%
MWCNTs in the nEMs matrix enhanced the pressurization rate, flame propagation speed, and pressure
wave speed of nEMs because the MWCNTs rapidly transferred heat energy from nEMs combustion.
However, adding excess MWCNTs suppressed the combustion and explosion characteristics of the Al NP/
CuO NP-based nEMs matrix by heat dissipation and thermochemical interventions. This suggests that
MWCNTs can potentially control the combustion and explosion characteristics of Al NP/CuO NP-based
nEMs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoenergetic materials (nEMs) have internal chemical energy
that can be rapidly turned into heat energy upon ignition by an
external threshold energy input [1e3]. Various traditional means
have been used to ignite nEMs, such as mechanical impaction,
friction, electrical sparking, resistive hotwires, and flame [4e8], but
these methods require direct contact between the igniter and
nEMs. This can impede potential applications of nEMs in various
thermal engineering systems.

With the advantages of remote ignition and decreased
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sensitivity to environmental factors (e.g., temperature, pressure,
and humidity), optical means are often employed for the ignition
and combustion of nEMs. Many research groups have demon-
strated that nEMs can be ignited by optical means, including flash
and laser beam irradiation [9e20]. Since the light energy of a flash
is not easily focused on a targeted area, the flash has limited use for
igniting nEMs under close contact. Unlike the flash, a laser beam
focuses light energy such that it can be used to remotely ignite
nEMs at a distance, as long as the energy intensity meets the
ignition threshold. However, the laser beam intensity is increas-
ingly attenuated with increasing distance between the laser source
and nEMs. The laser power must be increased to reliably ignite
nEMs from a distance.

An alternative approach for effectively igniting nEMs at lower
laser beam intensities is the addition of light-sensitive materials to
a nEM matrix. Even with a relatively low-intensity laser beam,
suitable optical igniters in the nEM matrix can be easily initiated
by absorbing the irradiated laser beam to propagate local ignition
heat instantaneously to the neighboring nEMs and thereby trigger
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subsequent macroscale combustion. Many research groups have
studied carbon nanotubes (CNTs) as potential optical igniters. They
observed that CNTs could absorb light energy, vibrate surrounding
air molecules, and subsequently generate and rapidly transfer heat
through the CNT medium, by the so-called photothermal effect
[21e24]. Several groups have employed CNTs for feasibility tests as
optical igniters for nEMs under flash irradiation [9e14]. However,
the role of CNTs embedded in the nEM matrix ignited by laser
beam irradiation has been rarely explored. In this work, we sys-
tematically examine the effect of multi-walled carbon nanotubes
(MWCNTs) as an optical igniter and heat transfer medium on the
laser ignition and explosion characteristics of nEMs. Specifically,
we employ an nEM matrix composed of Al nanoparticles (Al NPs)
as a fuel and CuO NPs as an oxidizer in this approach.

2. Experimental

2.1. Materials fabrication

Commercially available Al NPs and Cu NPs were purchased
from NT Base Inc., Korea. Al NPs with the average particle size of
~80 nm were used as a fuel without further treatment. CuO NPs
as oxidizers with the average particle size of ~152 nm were
fabricated by heat-treating Cu NPs at 350 �C for 1 h in air.
MWCNTs (CNT Co., Korea) with an average diameter of ~23 nm
and a length distribution of 1e25 mm were used as both the
optical igniters and explosion control medium. We fabricated
MWCNT/Al NP/CuO NP composite powders to examine the
characteristics of ignition and explosion by laser beam irradia-
tion, as shown in Fig. 1. Briefly, the Al and CuO NPs were mixed in
an ethanol (EtOH) solution at the ratio of Al:CuO ¼ 30:70 wt%,
which was previously found to be the optimized mixing
Fig. 1. Schematic of laser ignition of MWCNT/Al NP/CuO NP composite
condition for occurring the strongest explosive reactivity when
they are ignited [8]. The MWCNTs were then added at 1, 2, 5, and
10 wt% to the dispersed Al and CuO NP precursor solution. To
homogeneously mix MWCNT/Al NP/CuO NP in the EtOH solution,
ultrasonication was performed at 200 W and 40 kHz for
approximately 30 min. The EtOH was evaporated in a convection
oven at 80 �C for 30 min to obtain the dried MWCNT/Al NP/CuO
NP composite powders.

2.2. Materials characterization

The physical structures and chemical compositions of the
MWCNT/Al NP/CuO NP composites fabricated in this study were
characterized by field emission scanning electron microscopy
(FESEM; Model S4700, Hitachi) operated at 15 kV, scanning trans-
mission electron microscopy (STEM; Model JEM-2100, JEOL) oper-
ated at 200 kV, and X-ray diffractometry (XRD; Model Empyrean
series2, PANalytical) using Cu Ka radiation. To examine the thermal
properties of the MWCNT/Al NP/CuO NP composites, a series of
analyses by thermal gravimetric and differential scanning calo-
rimetry (TG-DSC; Model LABSYS evo, Setaram) were performed at
temperatures ranging from 30 �C to 1000 �C at a heating rate of
10 �C$min�1 under N2 flow.

2.3. Laser ignition and explosion characterization of reacting
materials

To investigate the effect of MWCNTs on the laser ignition and
explosion characteristics of nEMs, we performed a series of laser
ignition tests for various MWCNT/Al NP/CuO NP composites.
Briefly, 15 mg of MWCNT/Al NP/CuO NP composite powder was
placed on a glass slide and ignited by a continuous-wave green
powders. (A colour version of this figure can be viewed online.)



Fig. 2. (a) SEM and TEM images of (a, b) Al NPs, (c, d) CuO NPs and (e, f) MWCNTs employed in this study. Insets show the size distribution of particles and MWCNTs. (A colour
version of this figure can be viewed online.)
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laser beam (wavelength: 532 nm, power range: ~0e1286 mW,
beam diameter: 2.5 mm, Model SDL-532-1000T, Shanghai Dream
Lasers Technology). The ignition and combustion processes for
the various MWCNT (0, 1, 2, 5 and 10 wt%)/Al NP/CuO NP com-
posite powders were recorded using a high-speed camera (Model
FASTCAM SA3 120 K, Photron) at a frame rate of 30 kHz. In
addition, a pressure cell tester (PCT) was used to measure the
pressure trace of the MWCNT/Al NP/CuO NP composites over
time [8,25,26]. The MWCNT/Al NP/CuO NP composite powders
fabricated were placed in a closed pressure cell with a constant
volume of ~13 mL. The powders were then ignited by vertically
incident continuous-wave 1 W green laser beam through a glass
window. The explosion pressure generated by the laser ignition
was measured by a piezoelectric pressure sensor (Model 113A03,
PCB Piezotronics) attached to the pressure cell. Simultaneously,
the detected pressure signal was amplified and transformed into
a voltage signal through a combination of an in-line charge
amplifier (Model 422E11, PCB Piezotronics) and signal condi-
tioner (Model 480C02, PCB Piezotronics). Finally, the signal was
detected and recorded by a digital oscilloscope (Model TDS
2012B, Tektronix).

To examine the propagation characteristics of the flame and
pressure wave generated by the laser ignition of MWCNT/Al NP/
CuO NP composites, a series of burn tube tests were conducted
[27e30]. Polyethylene terephthalate (PETE) tubes of 3 mm in
diameter and 70 mm in length were filled with ~200 mg
MWCNT/Al NP/CuO NP composite powder, indicating a packing
density of ~0.18 g cm�3 and ~30% theoretical density. The cylin-
drical tubes were inserted into a transparent acrylic block
equipped with two piezoelectric pressure sensors (Model 113A03,
PCB Piezotronics). Small pressure ports (<1 mm) in the PETE
tubes were aligned with the pressure sensors in the acrylic block.
Vacuum grease was applied to the joints and connections of the
pressure sensors for sealing and thermally insulating them



Fig. 3. (a) SEM, (b) TEM, (c) STEM, and (d) XRD analyses of MWCNT (5 wt%)/Al NP/CuO NP composite powder. (A colour version of this figure can be viewed online.)
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against high reaction temperatures. After igniting the composite
powders with laser beam irradiation, the signal detected by the
pressure sensors was rapidly processed by the signal conditioner
(Model 480C02, PCB Piezotronics) and digital oscilloscope (Model
TDS 2012B, Tektronix). The propagation speed of the pressure
wave was determined by dividing the distance (~5 cm) between
the pressure sensors by the time difference in signal arrival (Dt).
The arrival times were determined as the points of first rise for
each pressure sensor (see Fig. 6a). The flame propagation speed
was recorded using a high-speed camera at a frame rate of
30 kHz.
3. Results and discussion

Fig. 2 presents SEM and TEM images of the Al NPs, CuO NPs, and
MWCNTs used in this study. Spherical Al NPs with average di-
ameters of ~80 ± 2.5 nm are observed in Fig. 2a and b. CuO NPs with
average diameters of ~152 ± 7.6 nm are highly aggregated and
partially coalesced from the heat treatment of Cu NP oxidation, as
shown in Fig. 2c and d. The MWCNTs employed in this study
contain ~20 walls, a hollow core with an outer diameter of
~23 ± 1.1 nm, and a length distribution of 1e25 mm.
Fig. 3a presents an SEM image of the fabricated MWCNT (5 wt
%)/Al NP/CuO NP composite powder. The exposed MWCNTs are
homogeneously mixed with Al and CuO NPs. TEM and STEM ana-
lyses, as shown in Fig. 3b and c, depict that MWCNTs, Al NPs, and
CuO NPs are located in proximity at the nanoscale. This suggests
that the simple ultrasonication mixing process for the MWCNT/Al
NP/CuO NP colloidal solution is effective to create a homogeneous
mixture of the reactants.

In addition, the XRD pattern presents very strong peaks corre-
sponding to Al and CuO, as shown in Fig. 3d. Here, the diffraction
peaks for MWCNTs are weak because of the small fraction of
MWCNTs. (The XRD patterns of the pure MWCNTs were obtained
and are presented in Fig. S1 as a reference.)

To examine the role of MWCNTs in the Al NP/CuO NP matrix,
we performed a series of laser irradiation tests for the as-
prepared MWCNT/Al NP/CuO NP composites. The laser ignition
characteristics of the MWCNT/Al NP/CuO NP composite powders
were monitored using a high-speed camera, which provided
useful evidence to determine differences in ignition delay time.
The threshold power for laser ignition was determined by irra-
diating the MWCNT/Al NP/CuO NP composite powders with a
continuous-wave green laser beam at various power levels. As



Fig. 4. (a) Laser ignition threshold power as a function of MWCNT content, and (b)
ignition delay time of MWCNT/Al NP/CuO NP composite powders ignited by the
continuous-wave green laser beam irradiation as a function of MWCNT content. (A
colour version of this figure can be viewed online.)
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the amount of MWCNTs in the Al NP/CuO NP matrix is increased
to ~2 wt%, the laser ignition threshold power is decreased, as
shown in Fig. 4a. This suggests that a lower-power laser beam is
required to reliably ignite composite powders with higher
MWCNT contents in the Al NP/CuO NP matrix. The ignition delay
time is also decreased with increasing the amount of MWCNT to
~2 wt% in the Al NP/CuO NP matrix, as shown in Fig. 4b. This is
because the presence of MWCNTs in the Al NP/CuO NP matrix
causes the rapid local ignition of MWCNT/Al NP/CuO NP com-
posites by the photo-thermal effect. However, the addition of
more MWCNTs (>2 wt%) has less influence on both the threshold
power and delay time of laser ignition. This suggests that
excessive amounts of MWCNTs in the Al NP/CuO NP matrix can
deteriorate the photo-thermal effect by heat dissipation to the
environment by the rapid heat transfer of agglomerated
MWCNTs.

To examine the effects of MWCNTs on the explosion pressure of
MWCNT/Al NP/CuO NP composites ignited by laser irradiation, the
PCT is used as shown in Fig. 5a and b. A fixed mass of ~13 mg of the
MWCNT/Al NP/CuO NP composite powder was placed in a confined
cell with a constant volume of 13 mL, and then ignited by the
vertical irradiation of a continuous-wave 1 W green laser beam
through the glass window.

Fig. 5c and d shows the pressure traces and pressurization
rates of the MWCNT/Al NP/CuO NP composite powders, respec-
tively. Here, the pressurization rates are calculated as the ratio of
the maximum pressure to the rise time. The maximum pressure
and pressurization rate both occur in the MWCNT (1 wt%)/Al NP/
CuO NP composite. However, when the amount of MWCNTs is
increased to >2 wt% in the Al NP/CuO NP matrix, the resulting
pressurization rates are significantly decreased. This suggests
that the presence of MWNCTs in the Al NP/CuO NP matrix
strongly affects the explosion processes of nEMs by interfering
with heat transfer and thermochemical properties of the Al NP/
CuO NP matrix.

To examine the effect of MWCNTs on the combustion charac-
teristics of MWCNT/Al NP/CuO NP composite powders, a series of
burn tube tests were also performed. Fig. 6a and b presents the
photograph and schematics of the burn tube test system, respec-
tively. The MWCNT/Al NP/CuO NP composite powders were placed
in a thin cylindrical burn tube and then ignited by laser irradiation
at one end. The pressure-sensing system comprised two piezo-
electric pressure sensors, a signal conditioner, and a digital oscil-
loscope for analyzing pressure propagation. In addition, a high-
speed camera system was installed to record the flame front
propagation in the burn tubes. Fig. 6c shows photographs of the
flame propagation of the various MWCNT/Al NP/CuO NP com-
posite powders ignited in the burn tube. The Al NP/CuO NP
composite powder without MWCNTs (i.e., MWCNT (0 wt%)/Al NP/
CuO NP) shows a very large bright flame with a blunt front when
ignited. This suggests that exothermic heat accumulates at the
reaction zone without rapid propagation to the unreacted zone.
However, the MWCNT (1 & 2 wt%)/Al NP/CuO NP composite
powder shows a very narrow and sharp flame shape and much
faster flame propagation than that seen in the MWCNT (0 wt%)/Al
NP/CuO NP composite. This is because the heat transfer rate of the
MWCNT (1 & 2 wt%)/Al NP/CuO NP composite is considerably
enhanced by the incorporation of highly conductive MWCNTs
(thermal conductivity of MWCNT, KMWCNT ¼ ~3000 W m�1$K�1) in
the Al (KAl ¼ ~250 W m�1$K�1)/CuO (KCuO ¼ ~30 W m�1$K�1)
matrix [31e42]. Thus, the combustion heat generated is rapidly
transferred to the unreacted zone through the MWCNT medium,
which increases the flame propagation speed. However, the flame
propagation speed is significantly decreased for amounts of
MWCNTs >2 wt% in the Al NP/CuO NP matrix. This suggests that
the presence of excessive MWCNTs deteriorates the combustion
reaction of nEMs by heat dissipation and thermochemical
interference.

The explosion pressures of the MWCNT/Al NP/CuO NP com-
posite powders ignited in the burn tubes were measured by
pressure-sensing systems attached to the burn tubes, as shown in
Fig. 7aed. The two pressure sensors A and B (see Fig. 6 b) are
installed along the burn tube ~5 cm apart. The time difference
(Dt) between pressure signal input at pressure sensors A and B is
measured. The propagation speed of the pressure wave generated
by the combustion of MWCNT/Al NP/CuO NP composite powders
is experimentally determined as the ratio of the pressure sensor
distance to Dt. To determine the flame propagation speed, the
flame front position and time are measured by high-speed
photography, as shown in Fig. 7e. The flame propagation speed
of the MWCNT/Al NP/CuO NP composite powders in the early



Fig. 5. (a) Photograph and (b) schematic of pressure cell tester system, (c) pressure trace, and (d) pressurization rate of MWCNT/Al NP/CuO NP composites ignited by laser irra-
diation. (A colour version of this figure can be viewed online.)
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stage linearly increases before significantly increasing at a point
with a steeper increment. This behavior is attributed to the
enhancement of convective heat transfer [27e30]. The air within
the voids of the loose MWCNT/Al NP/CuO NP composite powders
becomes highly heated by the accumulated heat and pressure of
the combustion reaction zone. Heat transfer promotes the com-
bustion reaction significantly throughout the MWCNT/Al NP/CuO
NP matrix. Based on the high-speed camera snapshots and ex-
plosion pressure analyses, the propagation speeds of the flame
and pressure waves of various MWCNT/Al NP/CuO NP composites
are calculated as shown in Fig. 7f. The highest propagation speeds
of the flame and pressure waves are ~236 m s�1 and ~446 m s�1,
respectively, for the MWCNT (1 wt%)/Al NP/CuO NP composite.
With an increase in MWCNT contents to exceed 2 wt% in the Al
NP/CuO NP matrix, the propagation speeds of both the flame and
pressure waves are significantly decreased. This is very similar to
the PCT analysis results shown in Fig. 5d, suggesting that the PCT
and burn tube tests precisely corroborate the combustion and
explosion characteristics of nEMs.

To examine the effect of MWCNTs on the thermal properties of
MWCNT/Al NP/CuO NP composite powders, TG-DSC analyses
were performed, as shown in Fig. 8. The first exothermic reaction
zone commonly occurs in the temperature range of ~400e600 �C
and an exothermic peak appears at approximately 540 �C, as
shown in Fig. 8a. During the exothermic reaction, the solid Al NPs
and CuO NPs thermally react. The total exothermic heat energy is
calculated as ~1591 J g�1 for the Al NP/CuO NP composite without
MWCNTs. With increasing the amount of MWCNTs in the Al NP/
CuO NP matrix from 1 wt% to 10 wt%, the total exothermic heat
energy is gradually decreased. The second exothermic reaction
zone is observed at the temperature range of ~650e800 �C for all
samples. This is attributed to the reaction between unreacted
melted Al and solid CuO NPs. The endothermic peaks generated
by the melted Al NPs are weakly observed at ~660 �C. The clear
endothermic reaction of pure Al NPs was confirmed by the TG-
DSC analysis for pure Al NPs as shown in Fig. S2a. The pure
CuO NPs showed an endothermic peak at ~900 �C, attributed to
the reduction of CuO to Cu2O as shown in Fig. S2b [43,44].

When the MWCNT contents in Al NP/CuO NP composites are
increased, the second exothermic peak increases in intensity and
simultaneously shifts to lower temperatures. This is because the
amount of unreacted Al is increased by the presence of excessive
MWCNTs. This suggests that the excessive MWCNTs inhibit the
first exothermic reaction between the Al and CuO NPs, with more
Al NPs remaining unreacted in the first exothermic reaction. The
unreacted Al then participates more actively in the second
exothermic reaction between melted Al and solid CuO NPs. This is
corroborated by the TG analyses shown in Fig. 8b. The MWCNTs
are oxidized by the heat and oxygen generated by the exothermic
reaction between Al and CuO NPs in the N2 atmosphere of TG



Fig. 6. (a) Schematic and (b) photograph of burn tube apparatus, and (c) high-speed camera images of various MWCNT (0, 1, 2, 5 and 10 wt%)/Al NP/CuO NP composites ignited by
laser beam irradiation in the burn tubes. (A colour version of this figure can be viewed online.)
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analysis. This suggests that the presence of MWCNTs hinders the
complete combustion reaction to some extent by intercepting the
heat and oxygen from the exothermic reaction of the Al and CuO
NP matrix. The appreciable weight losses of MWCNT oxidation
occur with the exothermic reaction of the Al NP/CuO NP matrix.
In the reaction temperature range of ~400e600 �C, the weight
loss of the composites from MWCNT combustion is significantly
increased with increases in the MWCNT contents of the com-
posites. This suggests that MWCNTs could act as a controlling
medium for combustion and explosion by thermochemical
intervention in the exothermic reaction of Al NP/CuO NP
composites.

4. Conclusions

In this study, we have investigated the effect of the presence
of MWCNTs on the laser ignition and explosion characteristics of
Al NP/CuO NP-based nEM composites. The MWCNT/Al NP/CuO NP
composite powders were fabricated using a simple sonication
process in EtOH solution. The thermal energy generated by laser
beam irradiation on MWCNTs reliably ignited the Al NP/CuO NP-
based nEM composites. Specifically, the threshold power and
delay time of laser ignition were significantly reduced by the
addition of MWCNTs to the Al NP/CuO NP composites, suggesting
that the MWCNTs were effective optical igniters in the Al NP/CuO
NP-based nEM matrix. The effect of MWCNTs on the combustion
and explosion characteristics of Al NP/CuO NP-based nEM matrix
was also examined. The optimal level of �2 wt% MWCNTs in the
nEM matrix enhanced the pressurization rate, flame propagation
speed, and pressure wave speed of the nEMs. However, the
addition of excessive MWCNTs (>2 wt%) suppressed the com-
bustion and explosion characteristics of the Al NP/CuO NP-based
nEM matrix by heat dissipation and thermochemical intervention
in the Al/CuO reaction. This suggests that MWCNTs can poten-
tially be used as optical igniters and explosion control media for
realizing remote laser ignition and controlled explosions in Al NP/
CuO NP-based nEMs.



Fig. 7. Pressure traces of (a) MWCNT (0 wt%)/Al NP/CuO NP, (b) MWCNT (1 wt%)/Al NP/CuO NP, (c) MWCNT (2 wt%)/Al NP/CuO NP, and (d) MWCNT (5 wt%)/Al NP/CuO NP
composites ignited by laser beam irradiation. (e) Flame front positions of various MWCNT (0, 1, 2, 5 and 10 wt%)/Al NP/CuO NP composites as a function of time, and (f) the average
flame and pressure wave propagation speeds of various MWCNT (0, 1, 2, 5 and 10 wt%)/Al NP/CuO NP composites ignited in the burn tubes. (A colour version of this figure can be
viewed online.)
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Fig. 8. (a) DSC and (b) TG analyses of MWCNT (0, 1, 2, 5 and 10 wt%)/Al NP/CuO NP
composite powders. (A colour version of this figure can be viewed online.)
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