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Abstract: A new insensitive and high energy explosive based on  RDX 
was  prepared by  suspension spray technology using Estane 5703 as  a  binder 
(e-RDX). Scanning electron microscopy was used to characterize the morphology 
and  particle size of  the  samples. The  composite was  analyzed by  differential 
scanning calorimetry and X-ray photoelectron spectroscopy. Its impact sensitivity 
and  detonation velocity were  determined. For  comparison, raw  RDX, refined 
RDX (r-RDX) and solution spray dried RDX/Estane 5703 (e1-RDX) were also 
tested using these five methods. The SEM results showed that the e-RDX size 
was 1-3 μm. e1-RDX exhibited a spherical shape with some defects on the surface. 
The  XPS  results indicated that  Estane 5703 can  be  successfully coated onto 
the surface of e-RDX. Compared to raw RDX, the drop height of r-RDX, e1-RDX 
and e-RDX was increased, being 16.5 cm, 32.9 cm and 58.4 cm, respectively. 
The activation energy of e-RDX is lower than that of raw RDX, but a little higher 
than that of e1-RDX. Compared to raw RDX, the detonation velocity of r-RDX, 
e1-RDX, w-RDX and e-RDX had decreased, being 110 m·s–1, 710 m·s–1, 410 m·s–1 
and 210 m·s–1, respectively.

Keywords: RDX, Estane 5703, suspension spray technology, detonation 
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Nomenclature list
A	 Pre-exponential factor [s–1]
E	 Activation energy [J·mol–1]
D	 Detonation velocity [m·s–1]
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H50	50% Explosion probability
M	 Mass [kg]
R	 Gas constant, 8.314 J·mol–1·K–1

S	 Standard deviation
Tpi	 Temperature of the exothermic peak at βi heating rate, [K]
βi	 Heating rate [K·min–1]
Φ	 Diameter [mm]

1	 Introduction

1,3,5-Trinitro-1,3,5-triazinane (RDX) is a high explosive (HE) and is widely 
used in  weapons. The  application of  RDX is  under restriction because 
of its high sensitivity. Various binders have therefore been added to RDX-based 
explosives to reduce their sensitivity [1-5]. Estane is a widely used hydrocarbon 
polymer in  the  explosive industry due to  its  excellent performance  [6-12]. 
Plastic  bonded explosives (PBXs) that  are  coated with Estane display many 
advantages, such  as  excellent toughness and  are  shatterproof. Alternatively, 
changing the  crystal size and  morphology has  been  studied as  a  means 
to reduce the sensitivity of RDX. Micron- and nanometer-sized RDX particles 
have been prepared by various techniques [13-15]. These RDX particles retain 
their  energy but  are  less sensitive. Spherical  and  cubic explosive particles 
have been prepared to reduce RDX sensitivity [16-18]. 

Spray drying is a single step synthesis technology that can be used to prepare 
ultrafine and spherical composite particles. It has been employed in the fabrication 
of energetic materials. Qiu [19] produced RDX-based composite explosives by using 
the suspension spray technology. By observing the cross-section of the crystals 
of the explosives, Qiu found that the size of the crystals in the explosives decreases 
radially from the centers of the crystals to their surfaces. It is also found that the size 
of the liquid droplets has a significant effect on both the size and size distribution 
of the RDX crystals. Alhalaweh [20] found that pure cocrystals can be generated 
simply by  spray drying and  the  formation of  cocrystals under incongruent 
saturation conditions undermines the importance of thermodynamic phenomena. 
Shi  [21]  prepared HMX/Estane nanocomposite particles that  were  1-8  μm 
spheres. Compared to raw RDX, the thermal stability of HMX/Estane is better 
and the impact sensitivity is lower. Wang [22] prepared CL-20/TNT explosive 
cocrystals with particle sizes in the range 1-10 μm. In the DSC test, there were two 
peak temperatures of  exothermic decomposition. The  impact sensitivity (H50) 
of CL-20/TNT explosive cocrystals was 36.2  cm higher than that of raw CL-20. 



218 X. Yan, X.D. Li, P. Zhou, W. Ji, X.F. Shi

Copyright © 2019 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

However, water suspension technology is another method for coating explosives, 
but the coated particles are not of uniform size and uneven coating readily occurs. 
Because of this concern, the idea of suspension spray drying technology was used 
in  this  paper, which  can  make particles that  are  evenly coated but  can  also 
create coated particles that are spherical. As  the adhesion agent of explosives, 
Estane exhibits very good mechanical properties, such as viscoelasticity, static 
stretch and compression. When Estane is coated on the surface of RDX particles, 
it  has  good adhesive properties, good  covering ability and  compatibility, 
and reduces the sensitivity of the explosive. In the present work, using Estane 5703 
as the binder, RDX-based spheres were prepared by suspension spray technology 
and solution spray drying technology. Furthermore, the properties of the RDX-
based products were characterized and analyzed in detail.

2	 Experimental

2.1	 Materials
RDX was produced by Gansu YingGuang Chemical Industry Group Co., Ltd.; 
Estane  was  provided from  Dongguan XiangLin Plastic  Co.,  Ltd.; acetone, 
1,2-dichloroethane and dimethyl sulfoxide (DMSO) were purchased from Tianjin 
TianDa Chemicals Co., Ltd. 

2.2	 Preparation of RDX based spheres

2.2.1	The suspension spray drying process
The experimental equipment is shown in Figure 1. The experimental procedures 
were as follows: Firstly, raw RDX (5 g) was dissolved in DMSO (20 mL) to give 
a solution with a concentration of 0.25 g·mL–1. The solution was injected into 
a beaker containing an anti-solvent (purified water) via a nozzle. Refined RDX 
(r-RDX) was obtained after filtration and drying. Secondly, the binder, Estane 5703, 
was dissolved in 1,2-dichloroethane to  form a solution and  the  refined RDX 
power was  mixed into the  1,2-dichloroethane solution to  form a  suspension 
using sonication and  stirring. Thirdly,  the  suspension was  spray dried using 
a  Spray Dryer B-290 (BUCHI Labortechnik AG) and  the  product (e-RDX) 
was  obtained. Finally,  the  product was  vacuum dried in  an  oven for  1  day 
at 30 °C. The experimental conditions were as  follows: a double-fluid spray 
nozzle with inner diameter 0.07 mm was used; experimental proportions:

– M(refined RDX):M(Estane 5703) = 95:5,
– M(1,2-dichloroethane):M(refined RDX) = 98:2.
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Figure 1.	 Experimental apparatus for the suspension spray process: 
1  –  controlled-volume pump; 2  –  valve; 3  –  RDX solution; 
4 – ultrasonic apparatus; 5 – water; 6 – homemade nozzle; 7 – stirrer; 
8 – n-heptane; 9 – compressed air connection; 10 – cooling water 
connection; 11 – double-fluid spray nozzle; 12 –  spray cylinder; 
13 – cyclone separator; 14 – product collection container; 15 – outlet 
filter; 16 – air purge unit

2.2.2	The solution spray drying process
The experimental setup is shown in Figure 1(a). The solvent in the solution shown 
in Figure 1(b) is acetone, and the solute consists of raw RDX and Estane 5703; 
the  ratio of  M(1,2-dichloroethane) to  M(refined RDX) is  95:5. The  product (e1-RDX) 
was obtained from the product collection container.

In this paper, r-RDX represents the fine RDX particles without Estane, 
e-RDX designates the particles coated with Estane in a solvent which cannot 
dissolve RDX except Estane, while e1-RDX is the composite made from a mixed 
solution of RDX and Estane.

2.3	 Characterization
The morphology and size of the products were studied using a Hitachi S-4800 
scanning electron microscope (SEM) (Hitachi Ltd., Japan). The accelerating 
voltage was  1.0  kV. Differential  scanning calorimetry (DSC) experiments 
were  conducted in  an  N2  atmosphere using a  Setaram  DSC131 instrument 
(Setaram Instrumentation Co., France) and an aluminum crucible with a hole 
in  the  cap. The  test  conditions were: sample mass, 0.7  mg; N2  flow rate, 
15 mL·min-1 and sample heating rates, 20 K·min–1, 10 K·min–1 and 5 K·min–1. 
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Vacuum stability was tested with a Stabil 21 dynamic vacuum stability apparatus. 
The  impact sensitivity of  the products was  tested at  room temperature using 
an  ERL  type  12 drop  hammer apparatus with  a  sample mass of 35  ±1  mg 
and  a  drop weight of  5  ±0.002  kg. Four  groups of  each sample and  25 
of the same sample from each group were tested. The results were generated 
in  terms of  the  critical drop-height H50  and  the  standard deviation  S. 
An Axis Ultra Imaging Photoelectron Spectrometer (Kratos Analytical  Ltd., 
England) was used to contrast the surface elements of the products by X-ray 
photoelectron spectroscopy  (XPS). The  detonation velocity was  measured 
with  a TSN632M  type  32 channel detonation velocity meter. The  samples 
were pressed into explosive pellets with a size of 10 mm Φ × 10 mm at 90% 
of the theoretical maximum density (TMD).

3	 Results and Discussion

3.1	 SEM Characterization
Figure 2(a) shows that the particle size of raw RDX ranged from  50  μm 
to 100 μm, and had a chunky appearance. The refined RDX was 1-3 μm in size 
[see  Figure  2(b)]. The  samples sprayed with  a  mixed solution are  spheres 
with diameters of 2 μm to 10 μm, but some holes are observed on the spherical 
surfaces, as  seen  in  Figure  2(c). This  is  because the  hot  N2  gas contacts 
with  the  surface of  the  mixed solution and  transfers heat from  the  outside 
of  the solution to  its  inside which  leads to a  temperature difference between 
the  outside and  inside. The  explosive and  binder were  precipitated to  form 
the outermost shell on the droplet surface. With the evaporation of the solvent, 
the  internal pressure increased and  the  surface formed a  closed spherical 
shell. However, some solvent trapped inside the shell broke through the shell 
to  form  holes on  the  surface in  the  extrusion process. From  Figure  2(d), 
the  particles prepared by  the  suspension spray drying method were  solid 
ellipsoids with good structure and particle size of 1-3 μm. A white coating layer 
could be readily observed on the surface of the e-RDX granules, the particle 
size was  uniform, the  surface smooth with  no  defects. The  coating process 
was a physical process. This process could be explained by adsorption theory. 
When  Estane was  dissolved in  the  solvent and  was  contacted with  RDX, 
the Estane gradually adsorbed the RDX crystals due to intermolecular forces 
(the distance between the molecules was less than 0.5 nm).
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Figure 2.	 SEM images of (a) raw RDX, (b) r-RDX, (c) e1-RDX and (d) e-RDX

3.2 Thermal decomposition characteristics
Figure 3 shows the DSC curves of raw RDX, r-RDX, e1-RDX and e-RDX at heating 
rates of 20 K·min–1, 10 K·min–1 and 5 K·min–1. There was an endothermic peak 
at  202-204  °C in  all  of  the  DSC curves in  Figure  3. These  curves showed 
that the RDX began to melt at 202-204 °C. For the same sample, the exothermic 
peak temperature was lower at slower heating rates. The thermal decomposition 
kinetic parameters of raw RDX, r-RDX, e1-RDX and e-RDX can be calculated 
by the Kissinger method (Equation 1) [23]. Thermal stability refers to the high 
temperature-resistance property of  materials and  their  ability to  maintain 
stable properties with  heating. It  can  be  expressed using the  self-ignition 
temperature (Tb), which can be estimated from Equations 4 [24] and 5 [25].
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Figure 3.	 DSC curves of raw RDX, r-RDX, e1-RDX and e-RDX at heating 
rates of (a) 20 K·min–1, (b) 10 K·min–1, and (c) 5 K·min–1
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Based on these data, the activation energy (E), frequency factor  (A), 
peak  temperature  (Tp) and  critical explosion temperature  (Tb) of  the  RDX-
based samples can  be  calculated and  are  shown in Table  1. The  activation 
energy of  r-RDX is  lower than  that of  raw  RDX because of  its  smaller 
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particle size, making  heat dissipation easier, but  the  specific surface area 
of r-RDX had increased, leading to an apparent decrease in activation energy. 
However,  the  activation energies of  e-RDX and  e1-RDX were  different 
to that of r-RDX because of the Estane in their explosive formulas. The Tb results 
indicated that the thermal stability of e-RDX was superior to that of raw RDX, 
r-RDX and e1-RDX. RDX and Estane 5703 exhibited good compatibility.

Table 1.	 Thermal explosion and critical temperature data for  RDX-based 
energetic materials

Sample Ea [kJ·mol–1] lgA [s–1] Tp [°C] Tb [°C]
raw RDX 201.3 20.4 221.3 231.9
r-RDX 205.2 21.3 210.6 232.5
e1-RDX 175.8 17.7 222.1 233.9
e-RDX 190.5 19.1 228.2 239.4

3.3	 Impact Sensitivity
From Table 2, the drop height of the RDX-based samples from  highest 
to lowest were: e-RDX > e1-RDX > r-RDX > raw RDX. These results proved 
that  the  impact sensitivity of  e-RDX is  lower than  that  of  e1-RDX, r-RDX 
and raw RDX. The influence of mechanical stimulation on the sensitivity of RDX 
samples could be analyzed as follows:
(1)	 Compared to raw RDX, the particle size of r-RDX is smaller, crystal defects 

are reduced and the particle surfaces are smooth. It is not easy to form local 
hot spots under mechanical stimuli, leading to reduced sample sensitivity.

(2)	 The Estane in e-RDX and e1-RDX could reduce the energy and mechanical 
sensitivity of the particles with the same packing density. Meanwhile, the binder 
coated onto the RDX surface could prevent friction between the explosive 
particles and serve as a shock absorber or diverter under mechanical stimuli, 
thereby leading to a reduction in the probability of hot spot formation.

(3)	 The e-RDX consists of solid particles, while e1-RDX exhibits some holes 
on  its  surface and  these  holes can  increase the  mechanical sensitivity 
of the explosive. The micro-particle size, crack-free surface and the addition 
of the binder can also reduce the mechanical sensitivity. The results show 
that e-RDX possesses an outstanding insensitive character.
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Table 2.	 Impact sensitivity of RDX-based samples

Sample
Impact sensitivity, H50 [cm] and (S)

Experiment Average1 2 3 4
raw RDX 20.5 (0.07) 21.6 (0.06) 22.6 (0.05) 20.1 (0.08) 18.4
r-RDX 35.5 (0.07) 33.7 (0.06) 34.3 (0.06) 35.9 (0.05) 34.9
e1-RDX 50.6 (0.04) 52.7 (0.08) 51.3 (0.06) 50.4 (0.03) 51.3
e-RDX 76.8 (0.06) 77.8 (0.05) 75.3 (0.07) 77.4 (0.08) 76.8

3.4	 X-ray photoelectron spectroscopic characterization
The distribution of the surface elements for RDX-based samples were characterized 
by XPS. The results are listed in Table 3. As is shown in Table 3, the “N” content 
of  an  Estane  5703 surface is  very  low, but  the  “C”  content is  higher. 
The “N”, “O” and “C” contents on the surface of raw RDX are relatively uniform. 
Compared to raw RDX, the element distribution on r-RDX has changed little. 
The “N” contents on the surfaces of e1-RDX and e-RDX are reduced by 16.76% 
and  27.19%, respectively; while  the  “C”  content are  increased by  21.65% 
and  32.23% accordingly. Therefore,  the  coating effect of  e-RDX is  better 
than that of e1-RDX.

Table 3.	 Distribution of surface elements on RDX-based samples 

Sample Surface element [%]
O 1s N 1s C 1s

Estane 5703 29.80 2.95 67.35
raw RDX 33.20 34.82 32.16
r-RDX 33.00 35.82 31.18
e1-RDX 28.13 18.06 53.81
e-RDX 27.98 7.63 64.39

3.5	 Detonation velocity
In order to compare the effects of the different preparative processes 
on  the  detonation velocity of  RDX-based explosives, w-RDX  composite 
explosives, experimental formulations: M(refined  RDX):M(Estane  5703)  =  95:5, 
were  prepared by  the  water-slurry coating method  [26,  27]. The  detonation 
velocity of the RDX-based samples was tested and the results are listed in Table 4.

As shown in Table 4, the reduction of the detonation velocity of RDX after 
the refining processing is minor. The detonation velocities of e1-RDX, w-RDX 
and e-RDX were reduced by 710 m·s–1, 410 m·s–1 and 210 m·s–1, respectively, 
compared  with  raw RDX. This  demonstrates that  the  detonation velocity 
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of  RDX-based samples prepared by  suspension spray technology is  higher 
than that of products coated by other technologies.

Table 4.	 The values of detonation velocity for RDX-based samples 
Sample D [m·s–1] ΔD [m·s–1]

raw RDX 8310 29
r-RDX 8200 50
e1-RDX 7600 30
e-RDX 8100 34
w-RDX 7900 32

4	 Conclusions

RDX-based products, which were coated with Estane 5703, were successfully 
prepared by suspension spray technology (e-RDX) and solution spray drying 
technology (e1-RDX). The e-RDX was 1-3 μm in size and was ellipsoid in shape. 
e1-RDX exhibited a spherical shape, but had some defects on the surface. The 
proportions of elements on the surface of e-RDX was very different to that of 
raw RDX. This is because of the Estane 5703 coating on the surface of the RDX, 
which changes the proportion of the surface elements originally present. The 
activation energy of e-RDX is lower than that of raw RDX, but a little higher 
than that of e1-RDX. The impact sensitivities of e-RDX and e1-RDX were lower 
than that of the raw RDX as indicated by a greater drop height. The detonation 
velocity of e-RDX was higher than that of e1-RDX. These combined properties 
suggest that e-RDX energetic spheres are an insensitive, but highly energetic 
explosive, with great potential.
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