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Abstract: Near infrared laser ignition is challenging owing to the poor near
infrared laser absorption of nitrocellulose-nitroglycerine-hexogen (NC-NG-RDX)
propellants. Less than 1 wt.% of carbon nanotubes (CNTs) were uniformly
dispersed into the NC-NG-RDX propellants to tune its near infrared laser
ignition property. The effects of CNTs on the thermal decomposition, near infrared
light absorption and thermal conductivity of NC-NG-RDX propellants
were studied. The near infrared laser ignition property of NC-NG-RDX propellants
doped with CNTs were investigated compared with raw NC-NG-RDX propellant.
The decomposition property and thermal conductivity of NC-NG-RDX propellants
doped with CNTs were little changed due to the small quantity of CNTs. The laser
reflectivity of the composite propellants decreased obviously as the content
of CNTs was increased because of the high laser absorption property of CNTs.
The laser ignition performance of the composites propellants is substantially
improved by the incorporation of 0.5 wt.% or less CNTs and the successful
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ignition time decreases remarkably. Higher CNT content, such as 0.75 wt.%
can lead to failure of laser ignition due to the excessive laser absorption efficiency
and heating rate of the radiated region of the composite propellants together
with inefficient deflagration. Our research reveals that the appropriate proportion
of CNTs can potentially be used as a laser sensitizer for realizing effective infrared
laser ignition of NC-NG-RDX propellants.

Keywords: nitrocellulose-nitroglycerine-hexogen propellants, NC-NG-RDX
propellants, multi-walled carbon nanotubes, CNTs, light absorption,
photothermal conversion, laser ignition

1 Introduction

Since the first laser device was developed in 1960, laser ignition of energetic
materials has been a topic of interest [1-4] and become one of the most
important ignition technologies in various weapon systems [5, 6].
At present, the laser ignition of energetic materials has been deepened
and remarkable achievements have been made [7-10]. Nitrocellulose-
nitroglycerine-hexogen (NC-NG-RDX) propellants are a traditional composite
energetic material, which is composed of nitrocellulose (NC), nitroglycerin (NG)
and cyclotrimethylenetrinitramine (RDX), and it is widely applied in solid
rocket motors and artillery weapon systems due to its high energy, outstanding
low smoke, excellent process performance and aging resistance [11-13].
However, NC and RDX have both been verified to be insensitive to light [14, 15],
especially in the near infrared. There has therefore been a continuing need
to improve the laser sensitivity of NC-NG-RDX composite propellants.

In order to increase the laser sensitivity of energetic materials,
many approaches are being developed, such as improving the laser energy density,
increasing the ambient pressure, and altering the formula of the energetic
materials [16-19]. Among these approaches, improving the laser sensitivity
of energetic materials is one of the most efficient and convenient ways.
Therefore, a small amount of laser sensitive additives, such as graphene oxide
[15, 20, 21], carbon black [18], graphite [22], and gold nanoparticles [23],
have been incorporated into energetic materials to improve the controllability
of laser ignition. Carbon nanotubes (CNTs) are an example of one-dimensional
carbon nano-materials, which are widely used in various applications
due to their special structure and outstanding mechanical and electrical
properties [24, 25]. Recently, research has indicated that CNTs can absorb light
energy and subsequently generate and transfer heat rapidly, and also show high
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photothermal efficiency [26-28]. CNTs also have been further used as optical
ignition promoters in the fabrication of high-performance energetic materials,
such as multi-walled CNTs/Al/CuO composites [29], single-walled CNTs/Al/
CuO composites [30] and single-walled CNTs/PETN [31]. Therefore, CNTs
could be another potential optically sensitive additive which could significantly
improve the laser ignition performance of NC-NG-RDX propellants at a relatively
low CNT content.

In this paper, NC-NG-RDX (40 wt.% RDX) propellants with different
CNT contents were prepared by a kneading-extrusion method [32, 33].
The microstructure and thermal decomposition behavior of propellants containing
CNTs were studied using scanning electron microscopy (SEM) and differential
scanning calorimetry (DSC). Then the effect of CNTs on the light absorption
behavior and thermal conductivity of the propellants were discussed. The results
showed that the laser ignition efficiency of the propellants obviously depends
on the CNT contents. The detailed laser ignition mechanism of the NC-NG-RDX
propellants can be well described.

2 Materials and Methods

2.1 Materials preparation

The NC-NG propellant tablets from Sichuan Nitrocell Co., Ltd. (Sichuan,
China) are composed of NC (12.6% nitrogen), NG and N,N’-dimethyl-
N,N’-diphenylurea (Centralite). RDX was purchased from Gansu Yinguang
Chemical Industry Group Co., Ltd (Gansu, China). The average particle
diameter of RDX is 30 pm. In order to make CNTs disperse homogeneously
in the composite propellants, hydroxyl functional multiwall carbon
nanotubes (CNTsOH) were selected. The NC-NG-RDX based propellants
were processed by a solvent method [32] with consistent parameters. Acetone/
ethanol solvent (50:50 by volume) was employed for the propellant processing,
in which solvent quantity was consistently 22 wt.% of the total solid mass.
Firstly, different weight percentages of CNTsOH (3 wt.% —OH, 10~20 nm
in diameter and 20~30 nm in length, Times Nano, Chengdu, China) and acetone/
ethanol (Kelong, Chengdu, China) were mixed to disperse the CNTs by magnetic
stirring for 30 min followed by sonicating for 30 min. Then NC-NG propellants
tablets and RDX powders were mixed and kneaded in a 2.5 L mixer together
with the CNTs/solvent solution for 3.5 h in order to make the RDX and CNTs
disperse well. Lastly, the propellant doughs were extruded using a pressure
of 10 MPa, and dried to obtain compact and desiccated propellant samples
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which are shown in the inserts in Figures 2(b) and 2(c). The propellants
are composed of NC, NG, RDX and Centralite, CNTs being added as an extra.
The detail of the composition of the propellants are shown in Table 1.

Table 1.  The composition of NC-NG-RDX propellants with carbon nanotubes

Sample NC NG Centralite RDX Additional CNTs
P [wt.%] [wt.%] [wt.%] [wt.%] [Wt.%]
1 0
2 0.25
3 39.5 19 1.5 40.0 0.50
4 0.75

2.2 Materials characterization

The morphology and dimensions of the composite propellants were measured
using SEM (JSM-5800S) at an acceleration voltage of 10-15 kV after
gold sputtering coating under a vacuum of 10°Pa for 120 s. The density
of the propellants was measured using the Bottle Method according to China’s
national military standard (GJB-770B-2005). The pore structure of the propellants
was investigated using mercury porosimetry (AutoPore IV 9500). The thermal
properties were measured using DSC-TG (NETZSCH STA 449C, Germany),
recording with 50 mL/min N, at 10 K/min from 30 to 350 °C.

The light absorption property of the composite propellants was measured
using a UH4150 UV-Visible/NIR spectrophotometer in the range of 400-2500 nm
with a scan speed of 2400 nm/min. The thermal conductivity of the propellants
was measured at 20 K/min using a NETZSCH LFA 447 Nanoflash™ instrument.
The environmental temperature and humidity were 25 °C and 70%. The thickness
and diameter of these samples were 1.0 and 12.7 mm, respectively.

The laser ignition properties of the propellants in an air atmosphere
at 25 °C were studied using a self-built platform according to the schematic
diagram reported by Herreros and Fang [34], and the scheme of laser ignition
setup is shown in Figure 1. All samples with dimensions of 1.8%3.0x10.0 mm
were ignited by a diode laser system (50 W, 800 nm) at 25 °C. The laser spot
diameter is about 3 mm. The samples were positioned horizontally and the laser
beamed vertically onto the surface of the samples. Considering the different
ignition performance of the samples, a manual ignition pulse time was given
in the experiment until deflagration occurred and successful ignition
of the propellants realized.
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Figure 1. The scheme of our laser ignition experimental setup

3 Results and Discussion

3.1 Morphology characterizations

Figure 2 represents the microstructure of raw CNTs and NC-NG-RDX
propellants. As shown in Figure 2(a), the raw CNTs have average diameters
from 20 to 50 nm and lengths ranging from 5 to 50 um. Figure 2(b) shows
the microstructure of NC-NG-RDX propellant without CNTs. It was found that
most of RDX particles with sizes of 5-20 um were embedded the NC-NG matrix.
Some RDX particles were pulled out after brittle fracture in liquid nitrogen.
CNTs can be observed clearly at the fracture section of the 0.75 wt.% CNTs doped
propellants at a larger magnification level (Figure 2(d)), and it is homogenously
mixed with NC-NG matrix. However, the microstructure of the propellant
with 0.75 wt.% CNTs (Figure 2(c)) displays no obvious change compared
with the raw propellant. In addition, no obvious pore is introduced into
the propellants due to the extrusion pressure up to 10 MPa. Their densities
were about 1.63 g/cm?. The propellants also had similar appearances according
to the inserted photographs in Figures 2(b) and 2(c). Therefore, the addition
of a small amount of CNT does not change the inner and surface structure
of NC-NG-RDX propellants.
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(d)
Figure 2. SEM images of raw CNTs (a), NC-NG-RDX propellant (b)
and 0.75 wt.% CNTs doped NC-NG-RDX propellants (c, d)
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3.2 Thermal decomposition property

The thermal decomposition processes of NC/NG, RDX and NC-NG-RDX
propellants were investigated using DSC analysis, and the results are shown
in Figure 3. NC/NG and RDX both show each a single exothermic peak
at 201 and 253 °C, respectively. However, RDX shows an endothermic
peak at 204 °C due to it melting at that temperature. The DSC curve for NC-
NG-RDX propellants shows two exothermic peaks at 201.8 and 229.5 °C,
which represents the decomposition of the NC/NG matrix and the RDX
particles, respectively [35]. As can be seen, the exothermic peak temperature
of RDX in NC-NG-RDX propellant is 23.5 °C lower than that of RDX powder.
So, the thermal stability of RDX is reduced by the decomposition of NC/NG.
However, the melting ability of RDX before decomposition cannot be changed,
though the melting process of RDX cannot be observed in the DSC curve of NC-
NG-RDX propellant. Furthermore, as shown in Figure 3, compared with raw
NC-NG-RDX propellant, no obvious change of decomposition performance
is found for NC-NG-RDX propellant doped with CNTs due to the low content
of CNTs that were incorporated.

30 4 = (1) NC/NG/RDX
—(2) NC/NG/RDX/0.25 wt.% CNT
| = (3) NC/NG/RDX/0.5 wt.% CNT
—(4) NC/NG/RDX/0.75 wt.% CNT
= 20{ ——(®NCING 2 ~———2205°C
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£ —(6)RDX  201.8°C .
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Figure 3. DSC curves of RDX, NC/NG and NC-NG-RDX propellants doped
with and without CNTs
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3.3 Near infrared light absorption

Figure 4 represents the near infrared light reflectivity property of NC-NG-RDX
propellants with different contents of CNTs. Due to the similar processing used,
the propellants obtained had similarly smooth surface structure which resulted
in similar scattering and reflection of light [36]. Besides, the transmissivity
of near infrared light in NC-NG-RDX propellants is very low. Therefore, near
infrared light absorption for the propellants in this experiment can be revealed
by the reflectivity spectra in Figure 4, which is determined by the incorporation
of CNTs. As shown in Figure 4, with the increase of CNT content, the original
reflectivity characteristics of the raw propellant gradually disappeared
and the curves became smoother. At 800 nm, the light reflectivity for NC-NG-RDX
propellant is 75.5%. However, the light reflectivity for NC-NG-RDX propellants
containing CNTs clearly decreased with increasing CNT content, and the light
reflectivities were 71.1%, 38.3% and 32.3% for the propellants containing 0.25,
0.5 and 0.75 wt.% of CNTs, respectively. Therefore, the near infrared light
absorption performance of NC-NG-RDX propellants can be improved by a small
amount of CNT, and is obviously enhanced by the incorporation of CNTs.

100 ] —— (1) NC-NG-RDX/0% CNT
90 J ——— (2) NC-NG-RDX/0.25 wt.% CNT
] = (3) NC-NG-RDX/ 0.5 wt.% CNT
80 4 (4) NC-NG-RDX/0.75 wt.% CNT
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. ]
2 504
g ] (3)
& 40
1 4
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20 -
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&t T : T d T 2] T L T L T » T L T
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Figure 4. UV-visible-near infrared light reflectivity spectra of NC-NG-RDX
propellants doped with and without CNTs
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3.4 Thermal conductivity

Multi-walled CNTs with long aspect ratios have excellent thermal conductivity,
and are often used as thermal conductive fillers to fabricate high thermal
conductivity composite materials [37]. According to Figure 5, NC-NG-RDX
propellants have a poor thermal conductivity of about 0.25 W/(m-K) at 25 °C.
After addition of 0.25, 0.5 and 0.75 wt.% of CNTs, the thermal conductivity
of NC-NG-RDX propellants increases by 3.6%, 13.6% and 16.8%, respectively.
No substantial increase in thermal conductivity is attributed to a low content
of CNTs [38]. In addition, when the test temperature increases from 25 to 100 °C,
the thermal conductivity of NC-NG-RDX propellants increases by 12.2%
on average. Therefore, the conductivities of the propellants with different CNT
contents do not show much difference before and after a laser pulse is applied,
and the variation of thermal conductivities may not be the major factor to tune
the laser ignition performance of the propellants.

0.40
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0.34 1
0.32 1
0.30
0.28
0.26 1
0.24 -
0.22-
0.20 -
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Figure 5. Thermal conductivity of NC-NG-RDX propellants with different
content of CNTs at 25 and 100 °C
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3.5 Laser ignition performance

The work of Courty et al. [22] shows that a coating of graphite considerably decreases
the ignition energy values of NC-RDX propellants. However, the relationship
between the ignition performance and the amount of optically sensitive
additive was not indicated. Here, Figure 6 shows typical oscilloscope traces
of the laser pulse and the ignited flame during the ignition and combustion
of propellants doped with different CNT contents. ‘First ignition’ or ignition delay
is the time when the first detected flame occurs. ‘Successful ignition’ is the time
when an efficient deflagration appears before a self-sustained combustion.
‘First ignition’ and ‘successful ignition’ of the ignited propellants are marked
by arrows in Figure 6. As shown in Figure 6(a), no obvious flame is detected even
when the laser pulse time is more than 2 s, and a deflagration begins at about 2.1 s,
which is followed by the successful ignition of NC-NG-RDX propellant.
Propellants doped with 0.25 wt.% of CNTs show a different ignition performance
compared with the raw propellant. According to Figure 6(b), the ignited flame first
appears at 1.55 s, and then becomes weaker at 1.82 s. However, a strong flame
suddenly appears at 2.02 s, and after that, stable combustion of the propellant
is observed. As shown in Figure 6(c), the first ignition and successful ignition
of propellant doped with 0.5 wt.% of CNTs are 0.02 and 0.45 s, respectively,
and are much shorter than that of propellant doped with 0.25 wt.% of CNTs.
In addition, a pulse time of 1 s is appropriate for laser ignition of this propellant.
Therefore, the laser ignition performance of NC-NG-RDX propellants
can be improved by incorporation of a small amount of CNT.

14
12 Laser pulse
10 F Ignited flame

Signal intensity
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Figure 6. Typical oscilloscope traces of laser pulse and the ignited flame
during the ignition and combustion of NC-NG-RDX propellants:
0% CNTs (a), 0.25 wt.% (b), 0.5 wt.% (c), and 0.75 wt.% (d)

However, an interesting result of successful ignition is found for propellant
doped with 0.75 wt.% CNTs. As shown in Figures 6(d1) and 6(d2),
successful ignition of this sample increases by 1.26 s compared to propellant
doped with 0.5 wt.% CNTs, even though its ignition time is only 0.01 s. As shown
in Figure 6(d2), an ignited flame is detected immediately once the laser pulse works.
However, the intensity of the ignited flame decreases slowly and no effective
deflagration appears, even though the laser pulse was on continuously between 0
and 1.71 s. Eventually the propellants were penetrated by the laser beam,
and ignited by the hot surroundings at 1.71 s. Due to the weak flame intensity
during ignition, flameout, or unsuccessful ignition often occurs during several
laser ignition tests of the propellant doped with 0.75 wt% CNTs. These results
reveal that the laser ignition efficiency of the NC-NG-RDX propellant
could be inhibited by an excess of photosensitive additive, such as 0.75 wt.%
of CNTs or more.

Table 2.  Ignition time and successful ignition time of NC-NG-RDX
propellants doped with different CNT contents

Sample 1 2 3 4
CNT [wt.%] 0 0.25 0.50 0.75
First ignition time [s] 2.10 1.55 0.02 0.01
Successful ignition time [s] 2.10 2.02 0.45 1.71
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3.6 Laser ignition mechanism

The laser power density used in this experiment was just about 700 W-cm™
and the laser wavelength used was not the characteristic absorption wavelength
of NC/NG/RDX propellant. Hence the effect of the laser beam on the NC-
NG-RDX propellants is mainly due to heating [39]. During the laser beam
heating process, there are several reactions in the irradiated propellant including
decomposition of NC/NG, melting and volatilization of RDX, and decomposition
of RDX. Inflammable gaseous products are generated by these reactions
and accumulate on the surface of the irradiated propellant [1, 16, 17].

As shown in Figure 7, the gaseous products are ignited when
the temperature (7)) reaches the critical ignition temperature (7;) according
to the thermal mechanism of laser ignition. In Figure 7, W, a, t and AH,,
are the laser power, laser absorption efficiency, irradiation time and heat released
by decomposition of the irradiated propellant, respectively. However, only
if the heat released by the combustion of the gaseous products (AH.) reaches
the ignition energy threshold of the propellant samples (Q;), can a successful
laser ignition be realized. In addition, due to the similar morphology
and components, 7; and Q;of the propellant samples can be considered consistent.
Consequently, laser ignition of NC-NG-RDX propellants is determined by both
the temperature of the irradiated region and the heat released by the deflagration
of the decomposition products produced by the irradiated propellants.

Heat feedback |
Prop:llants L2 Decomposition products + AH,
AH > Q; T>T,
Successful Ignition Combustion products + AH_
ignition |-

Heat feedback

Figure 7. Schematic diagram of the laser ignition of NC-NG-RDX propellants

Figure 8 represents the hypothetical laser ignition mechanism of both NC-
NG-RDX propellants and NC-NG-RDX propellants doped with 0.75 wt.% CNTs.
Figures 8(a) to 8(g) are the description of the figures in Figure 8(1)
and Figure 8(2), and the deeper red of liquid reaction regions represents
a higher temperature. As shown in Figure 8(1), there is a liquid reaction
region (Figure 8(b)) in the irradiated region of the propellants at the beginning
of the laser pulse (Figure 8(a)). The liquid reaction region is generated
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by the decomposition of NC-NG and the melting of RDX particles. The infrared
light reflectivity of NC-NG-RDX propellants (Figure 8(d)) is 75.5%.
Therefore the absorption of laser energy in the irradiated region is inefficient.
At the same time, melting of high content RDX particles in the propellant
further consumes the absorbed laser energy. So, the temperature of the liquid
reaction rises slowly together with extension of the liquid reaction region
and the accumulation of inflammable gas (Figure 8(c)). Once the temperature
reaches the ignition point, large quantities of the gaseous products are first ignited.
The energy released by the chemical reaction should be greater than the ignition
threshold of the propellants, and the ignition is successful.

:(1) l ' l ' ' : ;(a) l Laser :
: i i
i A successful :(b)- Liquid Reaction !

region

i
ignition !
i
i

i Inflammable gas
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Figure 8. Schematic illustration of laser ignition mechanism of NC-NG-RDX
propellants (1) and NC-NG-RDX propellant with 0.75 wt.% CNTs (2)

The most significant effect of the incorporation of CNTs into NC-NG-RDX
propellants is the decrease of the laser reflectivity due to the excellent laser
absorption of CNTs [27]. As shown in Figure 4, the laser reflectivity decreased
by 5.8%, 49.3% and 57.2% as compared to the value for 0% CNT as the CNT
content was increased from 0.25 to 0.75 wt.%. The improvement of laser absorption
obviously enhances the heating rate of the liquid region of the propellants.
As shown in Table 2, first ignition time or ignition delay time decreased from 2.1
to 0.01 s. However, excessive laser absorption or heating rate is not conducive
to a successful ignition, as shown in Figures 6(d1) and 6(d2), and the mechanism
is explained in Figure 8(2). According to previous studies, the interaction
region between the laser and the propellants is quite thin due to the low
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penetrability of infrared laser [40]. Due to the high heating rate and thin size,
the interaction region decomposed and gaseous products were ignited quickly.
However, the energy released by the chemical reaction cannot reach the O;
of the propellants. Therefore, liquid reaction region in Figure 8(2) is quite thin
or almost non-existent, and the interaction region rapidly extended in the direction
of the laser beam. The propellants can be penetrated quickly by the laser
and flame out or smoldering combustion (Figures 8(g) and 8(h)) followed.
As a result, there is only an appropriate laser absorption efficiency to ignite
the propellants, and 0.5 wt.% is the optimum content for CNTs to tune the direct
laser ignition performance of NC-NG-RDX propellants.

4 Conclusions

¢ In this study, the effect of the presence of CNTs on the infrared laser
ignition characteristics of NC-NG-RDX propellants with 40 wt.%
of RDX has been investigated in an atmospheric environment. NC-
NG-RDX propellants with 0 to 0.75 wt.% of CNTs were prepared
using an ultrasonic and kneading method, and CNTs and RDX particles
were dispersed uniformly.

¢ NC-NG-RDX propellants show a two-step decomposition including
the decomposition of NC-NG, and melting and decomposition
of RDX particles. The decomposition property of the propellant is not changed
by the presence of a low content of CNTs. Meanwhile, the thermal
conductivity increased slightly with increase of CNT content. The laser
reflectivity of the propellant decreased by 5.8%, 49.3% and 57.2%
as the CNT content was increased from 0.25 to 0.75 wt.% due to the excellent
laser absorption of CNTs.

¢  The propellants became more sensitive to laser and the first ignition
time decreased from 2.1 to 0.01 s. However, the addition of excessive
CNTs (0.75 wt.%) suppressed successful ignition of the propellants by high
laser absorption, sharp heating rate and rapid decomposition of the irradiated
region and lack of effective deflagration.

¢ These results suggest that an appropriate proportion of CNTs could potentially
be used as a laser sensitizer for realizing an effective infrared laser ignition
of NC-NG-RDX propellants. Incorporation of a small amount of carbon
nanomaterial is a convenient and promising method to improve the laser
ignition property of RDX based propellants at infrared wavelength, or even
at other wavelengths.
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