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a b s t r a c t

The ultra-fine HNS (2,2′,4,4′,6,6′-hexanitrostilbene) with desired properties is needed for military and
civilian applications because of its reliable threshold energy to short impulse shock waves and its excel-
lent thermal and shock stability. This paper reports on prefilming twin-fluid nozzle assisted precipitation
(PTFN-P) to obtain ultra-fine HNS explosive with high specific surface area (SSA), high purity, and narrow
particle size distribution. The properties of ultra-fine HNS have been confirmed by SEM, BET, HPLC, XRD,
DSC and TGA-SDTA. SEM photograph revealed that the PTFN-P process offers ellipsoid crystalline mor-
phology with particle size of 90–150 nm. The BET and Langmuir SSA of nanocrystalline HNS with purity
ccasion of his 70th birthday.

eywords:
exanitrostilbene
anocrystalline HNS
refilming twin-fluid nozzle
recipitation

of 99.44 wt.% were determined to be 19.28 m2/g and 29.26 m2/g, respectively. The XRD peaks of nanocrys-
talline HNS seemed to have similar diffraction angles as those of synthesized HNS, and the weakening of
peak strength was observed apparently. DSC results of the nanocrystalline HNS showed that the exother-
mic decomposing at the temperature range of 323–398 ◦C. Furthermore, HNS samples were submitted to
impact and small scale gap test and the results indicated that nanocrystalline HNS is less sensitive than
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synthesized HNS (50 �m)

. Introduction

The most fundamental level to obtain insensitive munitions (IM)
f a munition item lies in the intrinsic properties of the energetic
aterial itself, either by synthesis of new, less sensitive crys-

alline materials or by improving the physical properties of existing
aterials. The discovery of new explosives is rare. However, the

hysical properties such as crystal particle size, shape, morphology,
rystalline imperfections, purity and microstructure of the inter-
rystalline voids of an existing explosive can be altered [1]. These
arameters can be controlled through the applied methods and
rocessing conditions during the crystallization of the crystals, like
rystallization technique, solvent(s), crystallization kinetics (nucle-

tion/growth), hydrodynamics and hardware geometry etc. For
nstance, a lot of methods have been developed to prepare submi-
ron explosive particles with tunable particle size and morphology
s well as a uniform size distribution. And the related experimental
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ata demonstrate that explosives with decreased particle size have
ignificant changes in safety and other properties [2,3].

In light of the trends of explosive characteristics about crys-
al size, in order to explore the properties of nanocrystalline
nergetic materials, preparation of explosive in nanoscale arouses
reat interest. Simpson, Tillotson, Tappan et al. obtained RDX
1,3,5-trinitro-1,3,5-triazacyclohexane), AP (ammonium perchlo-
ate) pyrotechnics and other explosives with nanostructure by
ol–gel method [4–6]. Nano-sized ammonium nitrate and RDX
articles have been prepared by a sublimation/condensation pro-
ess [7]. Stepanov et al. [1] produced nanoscale crystals of RDX
y Rapid Expansion of Supercritical Solutions (RESS). Nano-TATB
1,3,5-triamino-2,4,6-trinitrobenzene) explosive has been gained
hrough atomization of solution containing the objective com-
ound by a nozzle to small droplets with high speed and colliding
ith an ultra-rapid non-solvent flow [8] and nanometer NTO (5-
itro-2,4-dihydro-3H-1,2,4-triazole-3-one) has also been prepared
y the spray freezing into cryogenic liquid (liquid nitrogen or liquid

arbon dioxide) method (SFL) [9].

Precipitation is a widely used industrial fast chemical opera-
ion which is greatly affected by hydrodynamics in both laboratory
pparatus and production plants. Micro-mixing, or mixing at the
icroscopic scale, has been shown to be primarily responsible for

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wangjingyu1967@163.com
mailto:zthk2008@126.com
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Fig. 1. Structure of HNS.

his influence, mainly affecting crystal particle size distribution and
verage size of crystal [10,11]. In order to improve the micro-mixing,
mpinging-jet mixer [12–15] and prefilming twin-fluid atomizer
16,17] have been developed for precipitation process of obtaining
ltra-fine particles, even nanoscale particles.

In this work, prefilming twin-fluid nozzle assisted precipitation
PTFN-P) is used to minimize the particle size of HNS (2,2′,4,4′,6,6′-
exanitrostilbene) explosive crystals and the properties of obtained
ne particles were determined. HNS is a reasonably insensitive
igh explosive (IHE), and its structure is shown in Fig. 1. Because
f its thermal and shock stability, HNS is often used as the explo-
ive choice for both perforators in the oilfield exploration and crew
scape system pyrotechnic components [18,19]. Particularly, ultra-
ne HNS is required to meet high surface area, high purity and
table morphology, which gives reliable threshold energies when
sed in the design for modern slapper detonator, also called explod-

ng foil initiators (EFI), because it will not inadvertently initiate
hen exposed to various environments, such as electrostatic dis-

harge, drops, friction, and elevated temperature. However, it is
elatively easy to initiate the explosive with the shock wave gen-
rated by an EFI, which is often nominated as short impulse shock
aves. In Sandia National Laboratories, Setchell, Cutting, Neyer et

l. did many contributions on this subject [20–22]. For the pro-
uction of fine particle HNS, Fraunhofer ICT has micronized HNS
o particles with the mean particle size of 3.5 �m and a specific
urface area of about 7 m2/g in the semi-continuous mode which
ses supercritical CO2 as non-solvent [23,24]. HNS-FP and HNS-IV,
hich designate fine particle HNS with a surface area of 6–9 m2/g

nd 10–15 m2/g, respectively, can be made by crash precipitation of
solution of HNS in dimethylformamide (DMF) into water [25,26].

In this paper, PTFN-P method is introduced for the production of
anocrystalline HNS with crystal size of 120 ± 30 nm. The paper also
iscusses characterization and thermolysis of nanocrystalline HNS
articles. The particles formed by the PTFN-P process are desired
o have high surface quality because the ultra-fine size is achieved
y direct crystallization, not by physical grinding, which will do
amage to the crystal surface. Therefore, another major anticipated
dvantage has been achieved, which is to reduce the sensitivity to
mpact and shock stimuli, compared with the raw HNS.

. Experiment

.1. Materials

All the reagents and chemicals of AR grade are used in the
resent study and ultra-pure water was prepared in-house.
.2. Experimental setup

Structure of the prefilming twin-fluid nozzle is illustrated in
ig. 2. The non-solvent is driven along the co-axial annular pas-
age and formed to a thin swirl liquid film (thickness 10 �m) by the

s
t
B
i
j

Fig. 2. Prefilming twin-fluid nozzle.

iquid distributor with spiral slots, which is inclined at an angle (˛)
elative to the central axis of the nozzle. The outlet diameter of the
oaxial annular passage is 2.5 mm. The solvent containing object
ompound is driven through the inner stainless pipe (0.7 mm i.d.) in
rder to form a jet stream with high velocity. At the exit of the noz-
le the solvent stream impinges on the thin swirl film and interacts
ith each other.

The prefilming twin-fluid nozzle is mainly based on both
mpinging [12,13] and prefilming [16,17] fluid jet effect of the
igh-pressure jet with high velocity. Impinging fluid jet effect
aused by high-pressure and high-velocity fluid jets can create
igh turbulence at their point of impact, and so as to produce
chemical reaction which forms a reaction product under high

uper-saturation leading to a rapid nucleation in a continuous reac-
ion and crystallization, which is followed by the direct production
f small controlled particle size crystals. In this process, each jet
as sufficient linear velocity to achieve high intensity micro-mixing
f the solvent and the non-solvent before nucleation. The princi-
le of prefilming fluid jet effect is that the non-solvent is driven
long a surface within the nozzle as a swirling film, arriving at
he nozzle edge, which interacts with the solvent at an angle to
enerate shear force on each other. These two high-pressure and
igh-velocity fluid jets are sheared to micro-droplets which are
ccelerated because contacts between two fluid jets are violently
gitated in the small geometry nozzle to complete uniform micro-
ixing prior to the crystal nucleation and then rapidly precipitate

he ultra-fine particles.
Based on the prefilming twin-fluid nozzle, the experimental
etup has been constructed in our laboratory. As we can see in Fig. 3,
he solvent containing the objective compound is driven by a Zenith
PB metering plunger pump (Zenith Pump Co. Ltd of USA) into the

nner pipe of the prefilming twin-fluid nozzle as continuous fluid
et. This fluid jet contacts with the chilled ultra-pure water fluid jet
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Fig. 3. Experimental setup.

hich is also pumped by another metering plunger pump. Rapid
ecrystallization occurs in the field of contact between these two
uid jets on the edge of twin-fluid nozzle and fine particles are

ormed. Barrier separation with a barrier width of 50 nm (Beijing
ai-De-Neng Technology Co. Ltd of China), was used to carry out

he separation process and drying procedure was conducted on the
reeze drier YHDGJ-4 (GongYi Yu-Hua Instrument Co. Ltd of China)
f thermosavant at a temperature of −45 ◦C. And ultra-pure water
as prepared by a water purifier of BH108-Milli-Q (Millipore Co.

td of USA).

.3. Procedure

.3.1. Synthesis and purification of raw HNS
Raw HNS, yellow crystals, is synthesized by the reported pro-

ess [27]. The raw HNS often contains about 10 wt.% impurity, such
s dipicrylethane (DPE) and residual solvent. Therefore, the raw
NS must be recrystallized to remove impurity and high purity
NS used for preparation of nanocrystalline HNS can be obtained.
emoval of impurity is followed by the reported procedures [28].
fter this recrystallization procedure, the purity of the recrystal-

ized HNS can be elevated to 99.85%; however, the mean particle
ize has increased to about 300 �m with the acicular appearance.
t is not appropriate to use it as the explosive in modern slapper
etonator which requires ultrafine particle size and high specific
urface area. Therefore, it is necessarily to introduce method to the
reparation of ultra-fine HNS.

.3.2. Preparation procedure of nanocrystalline HNS
1.335 g purified HNS was added into 80 ml DMF at room tem-

erature. After complete dissolution, the solution was filtered to
emove insoluble impurities. The filtrate and some chilled ultra-
ure water were added into A and B of the experimental setup,
hich are shown in Fig. 3. And then they were pumped by two
etering plunger pumps. The flow rates and pressure of the
ltrate and chilled ultra-pure water were 2 ml/s, 0.01 MPa and
0 ml/s, 0.1 MPa, respectively. Through rapid crystallization, a yel-
ow suspension containing nanocrystalline HNS colloid particles
as obtained, filtered and washed to remove residuary solvent. The
uddy substance was collected and freeze-dried. A green-yellow

a
H
a
i
t

aterials 162 (2009) 842–847

anocrystalline HNS product was obtained. The solvent quantity
nd reaction conditions of this established PTFN-P method for
reparing nanocrystalline HNS in our laboratory have been opti-
ized for small batch size (∼10 g) and finally can be scaled up to

00 g/batch size.

.4. Analysis

The crystal morphology has been performed by S-4700 field
mission scanning electron microscope (FE-SEM) instrument of
itachi (Japan) with working distance of 11.5 mm, accelerating
oltage of 15 kV and emission current of 10 �A. The micrographs
ere from the bright field images of the cut unstained sam-
les at magnifications of 100,000. Particle size distribution was
etermined by Brokhaven BI-90PLUS particle size analyzer (USA),
sing ultra-pure water as dispersing media. SEM was also used to
etermine the particle size of HNS samples. The specific surface
rea (SSA), pore size of the materials were measured, recording
2 adsorption/desorption isotherms at −196.085 ◦C for 5 h using
Brunauer–Emmett–Teller (BET) and Langmuir SSA analyzer of
icromeritics ASAP 2020 (USA). Chemical composition was ana-

yzed by HP1100 (USA) high performance liquid chromatograph
HPLC) and the measuring method of the DMF content was fol-
owed by the reported literature [26]. The X-ray diffraction (XRD)
nalysis was carried out, using a Rigaku D/MAX2550 VB+/PC (Japan)
iffractometer with filtered 0.154 nm monochromatic Cu K� radi-
tion. The sample was placed in a quartz sample holder. Data
ere collected in the step mode from 5◦ to 50◦ with a 0.02◦ step

ize at 40 kV and 100 mA. The DSC studies were carried out on a
etzsch DSC 204 F1 (Germany) instrument operating at heating

ates of 5 ◦C/min, 10 ◦C/min, 15 ◦C/min and 20 ◦C/min in nitro-
en (70 ml/min) atmosphere and the mass of the sample was
.460 mg. The thermal properties of HNS were studied by simulta-
eous thermogravimetry (TG)/differential thermal analysis (DTA)
nd the mass of the sample was 1.5230 mg under N2 atmosphere
50 ml/min) (Mettler Toledo Star System TGA/SDTA851, Switzer-
and). The sensitivity to impact of HNS was determined by using
5 kg drop weight (fall hammer method). The results are reported

n terms of height for 50% probability of explosion of the sample
as determined. Figure of insensitivity (F of I) was computed by
sing Tetryl (composition exploding, CE), as reference. The shock
ensitivity of the compound was determined by small scale gap test
SSGT) [29].

. Results and discussions

Results from SEM, HPLC, XRD, DSC, DTA and TGA experiments
ere quite useful for the characterization of nanocrystalline parti-

les. The same methods were also used to characterize synthesized
NS particles in order to find out if any changes would occur
uring the size reduction process. The data were presented in
able 1.

.1. Morphology and particle size studies

Morphology is thought to play an important part in initiation of
xplosive. The morphology of nanocrystalline HNS was performed
y using SEM. The result is shown in Fig. 4. It is revealed that
he nanocrystalline HNS particles have the appearance of ellipsoid

nd the particle sizes range from 90 nm to 150 nm. Nanocrystalline
NS particles have a high surface energy and tend to agglomer-
te because of a large proportion of the atoms on the surface or
nterface. The particle size distribution of nanocrystalline and syn-
hesized HNS was illustrated in Table 1.
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Table 1
Characteristic properties of nanocrystalline HNS and synthesized HNS

Property Experimental for nanocrystalline HNS Experimental of synthesized HNS

Distribution of particle size by Brookhaven (d50) 120 ± 30 nm 50 ± 5 �m
Impact sensitivity (F of I, h50%, cm) 24.7 19.3
Shock wave sensitivity (50% gap thickness, mm) 5.10 8.05
HPLC (HNS wt.%) 99.44 90.33

DSC
Endothermic peak temperature (Tmax, ◦C) 321.8
�H (J/g) −49.7
Exothermic peak temperature (Tmax, ◦C) 348.8
�H (J/g) 1384
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Fig. 4. Scanning electron microscopy of nanocrystalline HNS.

.2. Specific surface area and pore diameter analysis

The adsorption and desorption isothermal curves were shown
n Fig. 5. As we can see, the desorption curve was pretty close to
he adsorption curve and no lag loops were observed. The results
mplied that no capillary tube coacervation phenomenon exists.
he BET and Langmuir SSA of nanoscale HNS were determined to

e 19.28 m2/g and 29.26 m2/g, respectively. In the process of PTFN-
, maybe some defects were produced in the crystal of nano-HNS.
herefore, the pore diameter was examined and the average pore
iameter was determined to be 26.9 nm. Study has shown that the

Fig. 5. Adsorption and desorption isothermal curves of nanocrystalline HNS.

n
s
l
o
e
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s

F

319.8
−116.5
349.9
2124

pecific surface area and average pore diameter of ultra-fine explo-
ives influence the material initiation sensitivity badly [9]. When
he particle size is decreased to the nanoscale, the SSA increases and
he average pore diameter minimizes; accordingly, the sensitivity
f the short impulse shock waves will be changed.

.3. Chemical composition analysis

HPLC analysis was used to determine the chemical composition.
t is reported that residual solvent is possible to be responsible for

orphological stability over time of ultra-fine HNS explosive [26].
hrough purification of synthesized HNS, its purity can be increased
rom 90.33 wt.% to 99.85 wt.%. But when the PTFN-P method was
sed to the purified HNS, the purity of obtained nanocrystalline
NS was about 99.44 wt.%. Approximately 0.41 wt.% of DMF resid-
al solvent was introduced into the product in the process of
TFN-P. Results from these tests were tabulated in Table 1.

.4. X-ray analysis

X-ray powder diffraction was carried out to determine whether
he HNS particles are crystalline or amorphous. Peak intensity is
lotted as a function of the diffraction angle (2�) in the process of
nalysis. Fig. 6 indicated the X-ray diffraction data of the synthe-
ized HNS and nanocrystalline HNS. It illustrated that the peaks of
anocrystalline HNS have the similar diffraction angles as those of
ynthesized HNS, implying that nanocrystalline HNS has the simi-

ar crystal structure as synthesized HNS. Furthermore, weakening
f the peaks strength for nanocrystalline HNS was observed appar-
ntly. For example, the peak (2� = 8.32) of synthesized HNS has an
ntensity of 16566.7, while for nanocrystalline HNS, the peak at the
ame position has an intensity of only 1616.7. It can be explained

ig. 6. X-ray diffraction spectra for the synthesized HNS and nanocrystalline HNS.
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ig. 7. DSC profile of nanocrystalline HNS and synthesized HNS at the heat
ate of 10 ◦C/min. (a) Synthesized HNS, d50 = 50 ± 5 �m; (b) nanocrystalline HNS,
50 = 120 ± 30 nm.

hat when the particle size is reduced to nanometer range, the
trength of its X-ray peak will weaken or disappear with the grain
ize decreasing.

.5. Thermal studies

Figs. 7 and 8 displayed the thermal analysis data of nanocrys-
alline HNS and synthesized HNS. It can be seen from DSC curves
Fig. 7) that the endothermic maximal peak at 321.8 ◦C and 317.4 ◦C
re due to the phase change from solid to liquid of nanocrys-
alline HNS and synthesized HNS respectively. The DSC data of
anocrystalline HNS also showed that exothermic decomposing at
he temperature range of 323–398 ◦C (Tmax = 348.8 ◦C) with heat
utput �H = 1384 J/g at heat rate of 10 ◦C/min. But for the synthe-
ized HNS, the Tmax of exothermic decomposing with heat output
H = 2124 J/g was 349.9 ◦C. Tmax of nanocrystalline HNS at heat

ates of 5 ◦C/min, 15 ◦C/min, 20 ◦C/min were 339.3 ◦C, 356.0 ◦C,

59.1 ◦C with heat output of 1115 J/g, 1356 J/g, 1270 J/g, respec-
ively. The apparent activation energy of thermal decomposition
or nanocrystalline HNS was 208.9 kJ/mol, obtained through calcu-
ation of DSC software by Kissinger’s methods [30]. The TGA and
DTA results of nanocrystalline HNS were shown in Fig. 8. The TGA

H
3
H
s
d

Fig. 8. TGA and DTA curves o
aterials 162 (2009) 842–847

ata indicated that 72.95% weight loss occurs in the temperature
f 397.7 ◦C. The SDTA results illustrated that onset endothermic
emperature is about 321.8 ◦C, while the extrapolate peak value
f exotherm is 352.8 ◦C. It indicated that the DTA results are in
ccordance with the DSC data.

.6. Sensitivity test

Samples of nanocrystalline HNS and synthesized HNS were sub-
itted to small scale sensitivity test. The sensitivity data were

iven in the Table 1. As we can see, the impact sensitivity of
anocrystalline HNS and synthesized HNS are 24.7 cm and 19.3 cm,
espectively. For 50% probability of explosion which initiated by
hock wave, the gap thickness of nanocrystalline HNS is 5.10 mm,
ompared with 8.05 mm for synthesized HNS. These showed that,
hrough the PTFN-P process, the collected nanocrystalline HNS
owder has lower impact sensitivity and shock wave sensitivity
han the HNS raw material. This decrease can be explained by the
ossibility that the average pore diameter in nano explosive parti-
les is too small to become a hot spot under the impact and shock
timulus [9].

. Conclusion

Prefilming twin-fluid nozzle assisted solvent/non-solvent pre-
ipitation is an effective, continuous and safe method of using
ontrol over hydrodynamics and hardware geometry to obtain
ltra-fine crystals of product. It can provide particles with desired
article size, morphology, narrow size distribution as well as

mproved insensitivity characteristics. In this paper, nanocrys-
alline HNS explosive has been prepared by PTFN-P process and
hen characterized. SEM photograph indicated that these nano-
NS particles with particle size of 90–150 nm are ellipsoids and

end to agglomerate. The BET and Langmuir SSA of nano-HNS with
verage pore diameter of 26.9 nm and purity of 99.44 wt.% were
etermined to be 19.28 m2/g and 29.26 m2/g, respectively. XRD
eaks of nanocrystalline HNS have similar diffraction angles as
hose of synthesized HNS. However, the weakening of peak strength
an be observed evidently. And DSC results of the nanocrystalline

NS showed exothermic decomposing at the temperature range of
23–398 ◦C (Tmax = 348.8 ◦C). It was also shown that nanocrystalline
NS is more insensitive to impact and shock stimuli than synthe-

ized HNS. Its sensitivity to short impulse shock waves is still to be
emonstrated in the future.

f nanocrystalline HNS.
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