Combustion and Flame, Volume 183, September 2017, pp. 15-21
DOI: 10.1016/j.combustflame.2017.05.002

Optical sensitisation of energetic crystals with gold
nanoparticles for laser ignition

Xiao Fang*, Mishminder Sharma, Christopher Stennett and Philip P Gill

Centre for Defence Chemistry, Cranfield University, Defence Academy of the UK,
Shrivenham SN6 8LA, UK.

*Corresponding author. Email: x.fang@cranfield.ac.uk

Abstract: The laser ignition of explosives is safer and more environmentally beneficial
than electric ignition systems, but optical sensitisers must be present to facilitate heating
by optical absorption. We investigated, for the first time, the optical sensitisation of
cyclotrimethylenetrinitramine (RDX) crystals by doping them with gold nanoparticles to
enhance laser ignitibility using a near-infrared diode laser. RDX crystals physically coated
with gold nanoparticles or recrystallised from a solution containing gold nanoparticles were
tested for optical sensitisation by micro-imaging with a scanning electron microscope, and
high-speed video was used to experimentally observe the enhanced laser ignitibility. The
gold nanoparticles achieved effective optical sensitisation and significantly enhanced the
laser ignitibility of RDX, reducing the laser ignition threshold power from more than 45 W to
as little as 1 W. Our results show that gold nanoparticles are effective as optical sensitisers
for the ignition of energetic materials using a small, low-power diode laser.
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1. Introduction

Explosive ignition by laser irradiation has been investigated for different types of primary
and secondary explosives using different wavelengths and types of laser [1-8]. Laser
ignition offers the prospect of safer, cleaner and more environmentally friendly ignition
systems by replacing current electric ignitors that rely on toxic chemicals (e.g. lead azide)
and/or sensitive primary explosives. Reliable ignition has been achieved with low-power
lasers, enabling miniaturisation and cost reductions. The laser power required to ignite
energetic materials was reduced by mixing energetic materials with optical sensitisers
such as carbon black [1-2, 9-13]. The addition of ~3% (w/w) carbon black powder
significantly increases the optical absorption and thus the laser ignitibility of the energetic
materials. For example, mixing FOX-7 and hexanitrostilbene with carbon black for optical
sensitisation greatly improved their near-infrared (NIR) absorption characteristics [1,2].

The laser irradiation of explosives causes heating by optical absorption, resulting in the
formation of hotspots at discontinuities and inclusions present in the explosive material.
This is considered the dominant mechanism responsible for laser ignition as indicated by
the ignition of high-explosive nitrogen materials using xenon flash and CO:2 lasers [3,
4,14,15]. The increase in temperature of explosive materials accelerates exothermic
decomposition, eventually achieving a sufficiently high temperature to ignite the explosive.
Optical sensitisation has made explosives ignitable at various laser wavelengths, even
within the NIR region where explosive materials have little optical absorption. Therefore,
small and inexpensive infrared diode lasers could become the most suitable power
sources for miniature laser ignition devices.

1

Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).
The final published version (version of record) is available online at DOI:10.1016/j.combustflame.2017.05.002. Please refer to any applicable publisher terms of use.


mailto:x.fang@cranfield.ac.uk
e805814
Text Box
Combustion and Flame, Volume 183, September 2017, pp. 15-21
DOI: 10.1016/j.combustflame.2017.05.002



e805814
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.combustflame.2017.05.002. Please refer to any applicable publisher terms of use.




In addition to common optical sensitisers such as carbon black, nanoparticles have been
used as additives in energetic materials to enhance their optical and thermal properties
and thus their ignition performance [3,6,16,17]. Carbon nanotubes are promising optical
sensitisers because of their strong optical absorptivity and unique optical behaviour [3].
Pentaerythritol tetranitrate (PETN) sensitised with nickel nanoparticles can be ignited using
a pulsed YAG laser, and it may be possible to modify the sensitivity of PETN by controlling
the addition of such particles [6].

The phenomenon of surface plasmon resonance (SPR) allows metallic nanoparticles to be
used as effective optical sensitisers, e.g. aluminium nanoparticles can enhance localised
heating due to SPR [17]. Nanoparticles exposed to electromagnetic (EM) radiation with a
wavelength longer than the particle diameter demonstrate an SPR phenomenon in which
conduction-band electrons oscillate coherently, leading to strong EM waves on the particle
surfaces and enhanced optical absorption and scattering. The strongly absorbed optical
energy at a specific wavelength band is quickly converted to heat via a series of non-
radiative processes over the particle surfaces [17,18]. The enhanced ability to absorb and
quickly convert EM energy into heat makes plasmonic nanoparticles suitable as optical
sensitisers. Gold is ideal as an additive in energetic materials because it is chemically
stable and therefore more compatible and less toxic than other metals. During the laser
ignition of explosives doped with gold nanoparticles (GNPs), the incident laser radiation
induces a large local EM field around the GNPs in contact with the explosives [19-21] due
to the coupling of laser radiation into an SPR, or a collective oscillation of the conduction-
band electrons [22,23]. When the SPR frequency band is comparable to that of the igniting
laser, the GNPs strongly absorb at the laser wavelength and efficiently convert the
absorbed energy into heat, producing dense nano-hotspots. Therefore, the ignitibility of
explosives is expected to reach an optimum at the specific laser wavelength. The
optimisation of SPR absorbance mainly depends on the size and density of the
nanoparticles [24,25], and can be tuned to a desirable laser wavelength to enhance laser
ignitibility and wavelength selectivity.

Here we experimentally investigated the laser ignition of micro-energetic
cyclotrimethylenetrinitramine (RDX) crystals doped with GNPs, aiming to greatly enhance
their laser ignitibility. An 808-nm diode laser was used as the igniting power source, and
the GNPs demonstrated maximum SPR and thus an optimal optical absorption band at
this wavelength. RDX was chosen because it is widely used in explosive products such as
propellants, boosters, detonators and the main charge filling compositions of warheads.

2. Method and experimental

2.1. Sample materials

RDX type 1 was used as the high explosive for optical sensitisation. Analytical grade
acetone (Sigma-Aldrich Ltd., UK) was used as the solvent to recrystallise the RDX. Rod-
shaped GNPs, 10 nm in diameter and 41 nm in length (Nanopartz, USA), achieve strong
optical absorption at 808 nm and were chosen as the optical sensitisers (Figure 1). The

citrate-capped GNPs were dispersed in deionised water at a concentration of 3.5 mg/ml.
The capping agent was present to prevent nanoparticle aggregation.

2.2. Sample preparation and characterisation

Three types of RDX crystal samples were prepared using different processing methods:



S1 — Pure RDX (Type |) crystals recrystallised from RDX-acetone solution mixed
with deionised water;

S2 — 0.5% (w/w) GNP-coated RDX (Type I) obtained by physically mixing pure RDX
crystals (S1) with GNPs;

S3 — 0.5% (w/w) GNP-doped RDX (Type 1) recrystallised from RDX-acetone
solution mixed with GNP dispersions in deionised water.

2.2.1. Re-crystallisation

RDX re-crystallisation was achieved by a crystallization mechanism based on cooling and
evaporation. To obtain S1, 400 mg of RDX powder was weighed in a vial and 4 ml acetone
was added. The vial was sealed with a seal cap and heated in an oil bath at ~60°C until
the RDX powder was completely dissolved. Deionised water (1 ml) at room temperature
was mixed with the RDX-acetone solution in the vial, which induced a mild crash (or
precipitation) into the solution. The vial was sealed with film containing several pinholes
and left to cool and evaporate naturally. The sample was nearly dry after 4 days and was
placed in a vacuum oven at 100°C for 1 h to dry completely. Pure RDX crystals (S1) were
obtained ready for use. The size of the crystals ranged from sub-millimetre to 1-2 mm
(Figure 2a). RDX doped with GNPs (S3) was prepared in a similar manner to S1, but the
deionised water was replaced with 1 ml of the GNP dispersion and 3 ml RDX-acetone
solution containing 300 mg RDX was added after mixing (Figure 2c).

2.2.2. Physical mixing

Pure RDX crystals (~350 mg of S1) were weighed into a glass vial and 0.5 ml of the GNP
dispersion was dispensed into the vial. The slurry was mixed to ensure the explosive
crystals and the gold particles were dispersed homogeneously. The vial was left in a fume
cupboard to allow the water to evaporate. The explosive mix was stirred daily to prevent
caking and settlement of the GNPs before they were dry. When the sample was nearly dry
it was placed in a vacuum oven at 100°C to dry completely. This crystal sample (S2) of
RDX coated with GNPs had the same doping concentration of 0.5% (w/w) as S3 and was
then ready to use, as shown in Figure 2b.

2.2.3. Sample characterisation

Differential scanning calorimetry (DSC) was carried out using a DSC-30 device (Mettler
Toledo) to investigate any potential differences in the thermal properties of the RDX crystal
samples. The heating temperature range was 30-300°C increasing at a rate of 10°C/min.
We used 2-mg samples of S1 and S3 for analysis. The prepared RDX crystal samples
were also visualised by scanning electron microscopy (SEM) using a FEI XL30-SFEG
instrument (Thermo Fisher Scientific) capable of resolutions higher than 2 nm (600,000 x
magnification) and including an energy dispersive X-ray spectroscopy (EDS) system for
elemental analysis. The crystal samples were mounted on a sample stab (~12 mm
diameter) and the locations of the individual crystals were labelled in order to allocate each
of them during SEM analysis.

2.3. Experimental setup

The experimental setup for the laser ablation/ignition of an unconfined crystal sample is
shown in Figure 3. The diode laser (JENOPTIK JOLD-x-CPXF) provided power of up to 45
W at 808 nm and was operated in continuous-wave (CW) mode. Each crystal was placed
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on an aluminum plate sample holder and the laser beam was focused onto the surface
using a lens 50 mm in diameter with a 50-mm focal length. The diameter of the laser spot
on the sample was ~1.5 mm, comparable to the sample size. The light signals from the
laser and the ignited flame were detected using a photodiode detector (OSRAM Silicon
PIN Photodiode BPX 65) and recorded with a 600 MHz digitising oscilloscope (Hewlett
Packard 5411D). The time difference between the origins of the two signals was measured
as the ignition delay time. A high speed camera (Casio EX850) capable of recording up to
1000 frames per second was fitted on an optical rail to observe the side of the sample.
Each crystal was irradiated by the laser beam on its upper surface.

3. Results and discussion
3.1. DSC analysis

DSC was carried out to investigate the thermal properties of the samples and to ensure
the energetic material was not chemically modified by doping/mixing with the inert GNPs
(Figure 4). The RDX samples analysed gave a single endothermic onset peak at around
205°C. This was from the melting of the RDX prior to its thermal decomposition.
Subsequently there was a single larger exotherm due to the decomposition of RDX with a
peak at approximately 240°C. This exothermic peak tended to be wide. There was no
notable change when comparing samples S1 and S3 in terms of the onset temperatures
(204.9°C and 205.5°C) or the peak temperatures (207.3°C and 208.3°C for melting,
239.7°C and 240.7°C for decomposition, respectively). This data indicates the RDX mixed
with the GNPs was chemically compatible.

3.2. SEM analysis

SEM images were prepared for samples S2 and S3 to visualise the effects of GNP doping.
The SEM image of sample S3 and the energy dispersive spectrum (EDS) of the area
enclosed by the white square are shown in Figure 5. The GNPs were present on the RDX
crystal surface as revealed by the bright patches in the SEM image and the EDS spectrum
revealed the gold composition of the white area. SEM imaging of surfaces created by
crushing the S3 crystals was carried out to observe the internal matrix (Figure 6). Clusters
of GNPs, shown as bright inclusions, were also present inside the crystal. Therefore,
recrystallisation from an RDX-acetone solution mixed with GNPs dispersed in water allows
the doping of RDX crystals with GNPs both on the surface and within the crystal. When
heated by laser, the GNP inclusions should form hotspots inside the crystal, and would be
expected to transfer heat to the surrounding RDX more efficiently than GNPs on the
surface due to the larger interfacing area between the GNPs and RDX and the absence of
direct heat dissipation into the air. Laser heating and the resulting exothermal
decomposition inside the RDX crystal would also rapidly induce local pressure surrounding
the GNPs, and thus increase the temperature and impact of these hotspots.

For comparison, the SEM image of sample S2 prepared by physical mixing is shown in
Figure 7a. The image shows a more uniform distribution of the GNPs (white spots) on the
sample surface compared to the distribution in Figure 5a. This suggests there was little or
no aggregation of the GNPs when they were mixed with RDX crystals in deionised water
during sample preparation, whereas the GNPs tended to aggregate when they were
provided as an RDX-acetone solution in the recrystallisation method. This useful
information could facilitate the uniform doping of RDX with GNPs by optimising the solvent
ratio in the GNP dispersion. During SEM imaging, the RDX crystal surface was easily
damaged by a focused electron beam when high-resolution imaging for nano-scale image
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analysis was attempted. Such damage is revealed by the cracks in the SEM image shown
in Figure 7b. Therefore, nano-scale details of the RDX crystals could not be recorded,
although the SEM system we used was capable of such high-resolution imaging.

3.3. Laser ignitibility
3.3.1. Laser ignition threshold

To evaluate the laser ignitibility of GNP-sensitised RDX energetic crystals, laser ignition
tests were carried out at various laser powers for samples S1, S2 and S3. Ignition success
rates (%) were defined as the number of successful ignition events with a single shot
among seven repeated ignition attempts at the same laser power. The results at various
laser powers for the three samples are shown in Table 1. Defined as greater than 50%
ignition success rate, the laser ignition thresholds were ~1 W for S3 and ~1.8 W for S2.
No ignition was achieved for sample S1 (pure RDX crystals) at any laser power up to the
maximum available power of 45 W.

The RDX crystals doped with GNPs were more optically sensitive than crystals with GNPs
coated on the surface. This reflects the more efficient heating of RDX crystals achieved by
the embedded GNPs, which can disperse heat from their entire surface area rather than
the limited area in contact with the RDX in the case of surface GNPs. The confined
hotspots achieve a high local gas pressure to interact with the surrounding RDX, achieving
a greater than 45-fold increase in laser ignitibility or ignition sensitivity.

Table 1 Laser ignition thresholds for RDX crystal samples.

Percentage ignition at laser powers

Sample type
Pie P 3w 2W 1.8 W 1.5W [1W
S1 L
Pure RDX crystal No ignition at laser powers of up to 45 W
S2

100% 100% 57% 29% 0%

0.5% (w/w) GNP- (7/7) (7/7) (4/7) (2/7) (0/7)

coated crystal

S3
0.5% (w/w) GNP-
doped crystal

100% | 100% |100% |86% |57%
(7/7) (7/7) (7/7) 6/7) | (417)

3.3.2. Laser ignition map

Laser ignition tests were carried out on samples S2 and S3 to study the effect of applied
laser power on the ignition delay, which is the time from initial laser exposure to the onset
of the ignited burn. The delay times at various ignition laser powers were measured and
are plotted with trend lines in Figure 8. The plot, also known as an ‘ignition map’, indicates
how quickly the ignition took place at various laser powers. The plots for both of the
samples show that as the ignition power increases the ignition delay declines sharply at
lower-medium powers (e.g. <20 W) and tends towards saturation level at higher powers.
At the maximum power (45 W), the ignition delay was reduced to ~2.1 ms for S2 and 1.3
ms for S3. Therefore, the GNP-doped RDX crystal is more sensitive than the GNP-coated
crystal in terms of the ignition delay, as shown previously for the ignition threshold.



3.4. Effect of laser irradiation on GNP-sensitised RDX crystals
3.4.1. Laser power below the ignition threshold

To study the effect of laser irradiation on the GNP-doped RDX crystals, sample S3 was
exposed to laser radiation at a power below the ignition threshold. Figure 9 shows the
SEM images of the crystals after irradiation at 0.4 W (Figure 9b) and 0.8 W (Figure 9d). It
indicates that the crystals were broken up by laser ablation at both powers, with the higher
power initiating more cracking and splitting. The laser also caused surface stripping and
smoothening, again with more damage at the higher power. These results can be
explained by the GNPs within the crystal absorbing the applied laser energy efficiently and
instantly becoming hotspots confined within the crystal. The resulting internal heat and
pressure cause the cracking and splitting. The damage patterns are probably dependent
on the distribution of GNPs in the crystal, arising naturally during recrystallisation. The sub-
surface and surface GNPs in the same crystal would also absorb laser radiation, being
responsible for the surface stripping and smoothening. The optical sensitisation of the S3
sample was thus initiated both inside the body of the crystal and on the surface.

Similar tests on the S2 crystals did not cause cracking or splitting, but did cause surface
ablation effects (Figure 10a-d). These results are consistent with the tests on sample S3
because the absence of internal GNPs would prevent heat and pressure inside the crystal
causing fractures, but the surface damage in samples S2 and S3 is similar because both
contain GNPs on or near the surface where optical absorption occurred at the NIR laser
wavelength. In Figure 10b, the crystal surface was irradiated at 0.4 W and appears pitted
due to the laser-induced heating of the GNPs on the surface. In Figure 10d, the crystal
surface was irradiated at 0.8 W and there is evidence of surface melting. The S2 crystal
was therefore optically sensitised by the GNPs on its surface.

3.4.2. Laser power at the ignition threshold

To analyse the ignition behaviour of RDX crystals doped or coated with GNPs, samples S2
and S3 were ignited by laser radiation at the sufficient powers of 1 and 2 W, respectively.
Images of the ignition process were captured at 1000 frames per second. Figure 11a,b
shows the image series for two individual S3 crystals before and during laser ignition. The
laser was directed vertically onto the crystal, with the impact point at the top of each
image. After 13 ms (Figure 11a), the crystal has ignited and both the top and bottom
surfaces begin to burn. After 21 ms, micro-explosions have occurred at the bottom, with
the induced shock waves pushing the crystal up from its original position. At 38 ms, violent
micro-explosions inside the crystal create micro-fragments that shatter outwards. Finally,
the post-explosion reside is ejected from the laser spot after 50 ms. Figure 11b shows the
sequence of events for another S3 crystal. Ignition starts at ~21 ms, internal micro-
explosions begin at 46 ms causing outward shattering, and again the post-explosion reside
is ejected from the laser spot after 50 ms. In contrast to the S3 crystals, the ignition of S2
crystals coated with GNPs initiates on the surface, and this surface begins to burn after 14
ms (Figure 11c). The burn develops further along the laser beam through the crystal (35—
63 ms), and a full burn (deflagration) of the crystal occurs at ~70 ms. This fast burning
process occurred without micro-explosions, as anticipated due to the presence of GNPs
solely on the crystal surface.

These data confirm that the ignition of S3 crystals involves internal micro-explosions that
cause rapid splitting, which can be attributed to the presence of GNPs inside the crystal

and its sub-surface. These confined GNPs absorb laser energy to become hotspots, which
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increase the surrounding local temperature of the RDX crystal beyond its ignition level and
initiate exothermal reactions (e.g. decomposition and vaporisation) that are confined in the
crystal. These reactions generate pressure against the inner walls of the crystal around the
hotspots which is released as a shock wave that propagates through the crystal. The
analysis of several S3 crystals (two examples are shown in Figure 11) indicates that the
burn and micro-explosions are initiated at different locations in the crystal and with
different delay times and strengths. Such variability may be dependent on the distribution
of GNPs or the associated hotspots within the RDX crystal. The mechanism of photo-
sensitisation by GNP doping inside an energetic crystal may therefore not only greatly
enhance its laser ignitibility but also induce useful shock wave and impact forces that
initiate the main charge explosives.

4. Conclusions

This study has, for the first time, experimentally confirmed the feasibility and effectiveness
of GNPs as optical sensitisers for RDX crystals in the context of laser ignition at 808 nm.
The threshold laser power requirement for the ignition of RDX crystals was lowered by at
least 45-fold. GNP-doped RDX crystals (S3) produced by RDX re-crystallisation confirmed
that laser-induced ignition was initiated from both the surface and inner matrix of the
crystal, with deflagration and micro-explosions taking place during the ignition process.
Such RDX crystals were superior in terms of optical sensitisation to GNP-coated RDX
crystals (S2) produced by simple mixing. The ignition of the latter was initiated from the
surface alone. Therefore, RDX re-crystallisation from GNP dispersions is a better
sensitisation method for the laser ignition of RDX. The threshold laser power was reduced
to ~1 W, which achieved the reliable ignition of GNP-sensitised RDX crystals in more than
50% of attempts, in contrast to pure RDX crystals without sensitisers which could not be
ignited even with the highest available laser power of 45 W. Optically-sensitised energetic
crystals produced using this innovative method allow the efficient utilisation of laser-heated
GNPs by heating the crystal matrix, and further investigation should therefore facilitate the
development of miniature low-power laser ignition systems.
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Figures and captions
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Figure 1 Scanning electron micrograph and absorption spectrum of the GNPs used in this
study, which were provided by the manufacturer (Nanopartz, USA).

Figure 2 RDX preparations (gradations are in millimetres): a) S1, pure RDX crystals.
b) S2, mixture of RDX crystals and GNPs. c) S3, recrystallised RDX doped with GNPs.
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Figure 3 Experimental setup for laser ablation/ignition of a small energetic crystal.
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Figure 4 DSC curves of a) pure RDX crystals (S1), and b) RDX crystals doped with GNPs
(S3).
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Figure 5 The crystal surface of RDX doped with GNPs (S3): a) SEM image, and b) EDS of
the bright areas identified as GNPs.
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a) b)
Figure 7 The crystal surface of RDX physically mixed with GNPs (S2): a) SEM image, and
b) SEM image showing surface damage (cracks) caused by a tightly focused electron
beam.
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Figure 8 Ignition delay time vs. laser power for samples S2 and S3. Each measurement
was averaged over seven tests at each laser power. The relative standard deviation was
~20%.
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Figure 10 SEM images of Iaser |rrad|ated S2 crystals and their ablated surfaces at laser
powers of 0.4 W (a, b) and 0.8 W (c, d).
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Figure 11 Time course of crystal ignition and burnlng a) S3 crystal at laser exposure
times (left to right) t = 0, 13, 21, 38, 50 ms. (b) S3 crystal at exposure times (left to right)
t=0, 21, 46, 48, 50 ms. (c) S2 crystal at exposure times (left to right) t = 0, 14 35, 63, 70
ms.
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