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Abstract: This paper describes the synthesis of ultrafine Hexogen (UF-RDX) of
size <5um by drowning-out crystallization. RDX was precipitated from acetone
or dimethylformamide (DMF) solution by reducing the solvent power using
either a miscible, non-aqueous antisolvent, n-hexane, or an aqueous antisolvent,
water containing polyethylene glycol (PEG). Process parameters such as solvent/
antisolvent ratio, agitation, ultrasonication etc. were studied. UF-RDX was
characterized for Brunauer-Emmett-Teller (BET) surface area, X-ray diffraction
(XRD), Scanning Electron Microscope (SEM), Fourier Transform Infrared
Spectroscopy (FT-IR), Differential Scanning Calorimetry (DSC) and sensitivity
tests. In the case of the non-aqueous antisolvent, the precipitated RDX crystals
were rod shaped of diameter <1 pm. For the aqueous antisolvent, oval shaped
crystals (<5 um) were precipitated. UF-RDX was found to be more sensitive to
impact and less friction sensitive compared to production grade RDX (60-80 um).

Keywords: ultrafine RDX, drowning-out crystallization, BET surface area,

SEM, mechanical and electrostatic spark sensitivity

Introduction

Research Department Explosive (RDX) (chemical name cyclotrimethylene-
trinitramine or 1,3,5-trinitro-1,3,5-triazacyclohexane; because of its cyclic
structure and cyclonic nature, it is also known as ‘cyclonite’ in the USA. The
Germans call it ‘Hexogen’ whilst the Italians call it ‘T4’) is one of the widely
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used military explosives. Fine particles (<30 um) of RDX find applications in
rocket and gun propellants, plastic bond explosive (PBX) formulations, low
vulnerability ammunition [1], and in warhead fillings [1-8]. Accordingly, there
has been a great deal of interest in the size reduction of production grade RDX
(PG-RDX; 60-80 pm).

Different techniques have been attempted by various authors to realize
fine explosive powders. These techniques include mechanical grinding [9-15],
precipitation using suitable antisolvents [9-10, 16-18], spray drying [7, 19-22],
supercritical fluid recrystallization [23-28], sol-gel [29] and reverse micelle
[30]. In the milling technique, the particles are subjected to mechanical stress
and this is therefore quite hazardous, which restricts the process to wet milling.
Precipitation of RDX from acetone solution using water as the antisolvent gives
fine particles (10-20 um) [17, 18]. The Gas Antisolvent Process (GAS) and the
Rapid Expansion of Supercritical Solution (RESS) process, using supercritical
carbon dioxide, precipitate RDX in ultrafine (<5 pm) and submicrometer
(<0.5 um) particulate form respectively. However, the above processes have
several disadvantages, such as high pressure (>70 bar) operation, difficulties in
particle collection and downstream processing of the supercritical fluid. The
sol-gel technique (precipitation of RDX in a silica matrix) incorporates silica
impurity in the product and the process has limitations for scale up. A similar
sol-gel concept was applied by Song et al. [31] who reported a method to realize
nano RDX by dissolving amorphous iron oxide from a RDX/Fe,0; aerogel using
dilute hydrochloric acid. A direct method for the preparation of ultrafine RDX
(5-10 um) by changing the process conditions of hexamine nitration was also
reported [32]. Chen et al. [33] reported a spray evaporation method which gave
nanometer RDX (40-60 nm). Zhang et al. [34] reported the preparation of nano
RDX by dispersing acetone solutions of RDX into stirred water. Dabin et a/. [30]
also reported preparation of nano-RDX (70-100 nm) by solvent substitution in
reverse micelles. However, the authors did not mention the isolation methodology
of the nano-RDX.

The present paper describes a low temperature (<5 °C) drowning-out
crystallization method to realize UF-RDX (<5um). Both non-aqueous and
aqueous drowning-out crystallizations were attempted. RDX was precipitated
from acetone or DMF solution by reducing the solvent power by the addition
of miscible antisolvents such as n-hexane, cyclohexane, ethanol and water
(containing 0.3% PEQG). Process parameters such as solvent to antisolvent ratio,
agitation, application of ultrasound ezc. were studied. The precipitated product
was characterized by BET surface area, FTIR, XRD, DSC, SEM, and sensitivity
tests (friction, impact and electrostatic spark discharge).
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Materials and Methods

Materials

PG-RDX, manufactured in Ordnance Factory, Bhandara, India, was used
as the starting material. Acetone, N,N-dimethylformamide (DMF), n-hexane,
cyclohexane, ethanol and PEG-200 (polyethylene glycol) were of synthesis grade
from Merck (India) Ltd. Distilled water was used for all experiments.

Method

The drowning-out crystallization (precipitation) was carried out in a beaker
(HDPE) or round bottomed flask at 1 g (RDX) per batch. The typical experimental
method is described here: a measured quantity of antisolvent (n-hexane or water
containing 0.3% PEG or cyclohexane or ethanol) was placed in a HDPE beaker
(5 L) or round bottomed flask surrounded by ice-water in an ultrasonic bath (cap.
20 L). A mechanical stirrer (SS, impeller blade) was fitted into the beaker or
round bottomed flask for agitation. RDX solution (1 g dissolved in 25 mL acetone
or 10 mL DMF) was added to the antisolvent at a given rate from a graduated
addition flask (similar to a separating funnel). The addition was carried out at low
temperature (<5 °C) with application of mechanical stirring and ultrasonication.
The agitation was continued for a given period after completion of the addition.
The resultant slurry was filtered (Whatman filter paper No. 46), dried in the oven
(50 °C) and then further characterized.

Characterization

Infrared spectra of the samples were recorded on a Thermonicolet FTIR
spectrometer (Model Nicolet 5700, USA) using a KBr matrix. The BET surface
areas of the powders were measured by nitrogen adsorption using a Gemini VII
2390t surface area analyzer (Micromeritics, USA).

The particle size was determined using a Malvern particle size analyzer
(Mastersizer 2000, Malvern Instruments Ltd, UK). A small quantity of the
RDX powder sample was dispersed in demineralized water (500 mL) with 2-3
drops of surfactant. The dispersed RDX was circulated in the measuring cell
unit using the instrument’s internal pumping system. The sample was dispersed
using the instrument’s internal stirring system (rpm ~2050) and with the help
of an ultrasonic probe (USP). The sample was added in portions until the laser
obscuration level was in the desired range (11-20%) as specified by the instrument
manufacturer.

An environmental SEM (Model FEI Quanta 200 and 200 3D, Eindhoven,
The Netherlands) was used for particle imaging. The RDX powder was mounted
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on double sided adhesive conducting silver tape pasted on Al stub.

Differential Scanning Calorimetry (DSC) was carried out using a Perkin
Elmer DSC instrument (DSC-7). Approximately 1-3 mg sample in a crimped
aluminium pan was heated from 50 °C to 300 °C under a nitrogen atmosphere
at 10 °C/min.

The powder X-ray diffraction (XRD) of the RDX samples was carried out
using an X-ray difractometer (Bruker D8 advance) with a Cu Ka source for an
angle range 260 = 20-50° at a scan rate of 2 °/min.

Friction sensitivity was determined using a Julius Peter apparatus and impact
sensitivity by the fall hammer method (Bruceton staircase method. Height of
50% (Hso) explosion was determined with 2 kg drop weight).

An in-house designed electrostatic spark discharge apparatus [35] was
used to determine the spark sensitivity of fine RDX powder. The stored energy
(E= ' CV?; C is the capacitance in Farad, E the energy in Joules, and V' is the
charging voltage in volts) is discharged to the sample through a spark gap.
Ignition or deflagration behaviour of the sample was observed under a specific
energy discharge. The energy discharged is gradually decreased either by
changing the value of the capacitor or the voltage or by a combination of
both as required until no ignition or deflagration occurs for the sample, in five
consecutive experiments.

Results and Discussion

Supersaturation in a drowning-out crystallization system

Crystallization is a basic technique in process technology. It can be
brought about either by cooling a saturated solution (cooling crystallization) or
evaporation of a solvent component (evaporative crystallization) or reducing the
solubility (solvent power) of a particular solvent-solute system by introducing an
appropriate antisolvent (drowning-out or displacement crystallization). All of
these techniques are widely used in industry to realize the product of a desired
particle size [9, 10]. The particle size, distribution and shape of crystal can be
controlled by recrystallization (cooling or evaporative crystallization, drowning-
out crystallization). The degree of supersaturation is the key factor in the process
[9, 36, 37].

Crystallization comprises of two important mechanisms viz. nucleation and
crystal growth. Nucleation occurs when the solution equilibrium is disturbed
under supersaturated conditions. Molecules or ions from the supersaturated
solution attach themselves to the surface of the crystal nucleus and cause it to
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grow. The introduction of an antisolvent into the system rapidly reduces the
solubility of the solute and thus supersaturation develops in the system, which in
turn induces nucleation with the formation of tiny crystals. These tiny crystals
grow further and later precipitate. Rapid reduction in solubility creates a high
nucleation rate. Hence, all of the tiny nuclei do not get an opportunity for further
crystal growth and are precipitated as fine particles.

Precipitation of RDX from an acetone solution using water as an antisolvent
is an industrially adopted method [17, 18] it gives particle size around 15 um. It
is difficult to reduce the particle size further by this method due to the inherent
limitation of the process. Though water is quite capable of reducing the solvent
power to a large extent, it’s other properties such as polarity, dipole moment etc.
do not arrest the crystal growth to the extent required to realize particle sizes
of less than 10 pm. When PEG-200 (0.3%) was mixed with water and used
as the antisolvent, it was found that the crystal growth rate was inhibited and
generated UF-RDX.

Unlike water, n-hexane is a non-polar solvent in which RDX has a solubility
almost equal to zero. It is also miscible with acetone. Hence, a very high
supersaturation is created by the addition of an RDX solution (in acetone) to
n-hexane. Low temperature operation reduces the rate of evaporation of the
highly volatile solvent n-hexane. The low temperature also narrows down the
metastable zone width (also known as the metastable limit) resulting in rapid
nucleation which favours the formation of fine particles [36]. Hence, a detailed
study (described in subsequent subsections) was carried out in order to understand
the influence of various process conditions on the drowning-out crystallization.

Study of different solvent/antisolvent systems on particle size

RDX solutions were prepared in two different solvents viz. acetone and DMF.
Drowning-out crystallization was attempted with 4 different antisolvents, viz.,
water (0.3% PEG solution), n-hexane, cyclohexane and ethanol. The particle
size of the product was monitored by measurement of the BET surface area. The
average particle size of the precipitated product was calculated from the BET
surface area data (assuming that the particles are closed spheres with a smooth
surface and of uniform size). The results are shown in Table 1. The BET surface
area of the parent RDX was measured as 0.22 m?/g and the corresponding average
particle size was 15 um. This particle size data, calculated from the BET surface
area data, does not match with the actual particle size of PG-RDX (60-80 pum).
This may be due to the non-spherical nature of the particles. However, BET
surface area measurement was found to be effective in monitoring the particle
size of the precipitated RDX.
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Table 1.  Precipitation of RDX from different antisolvent-solvent systems
. Antisolvent Rateiof BET Ayerag§ Yield
S Antisolvent- solution | surface |particle size
ample /solvent .
solvent system ratio addition | area (SA) | [um] from (%]
[mL/h] | [m%g] SA data °
Water (with 0.3%
I. PEG)-acetone 125 50 1.16 2.8 68
Water (with 0.3%
2. PEG)-DMF 300 40 1.73 1.8 65
3. | Cyclohexane- 34 50 | 146 25 81
acetone
4. n-Hexane-acetone 34 50 1.7 1.9 77
5. n-Hexane-DMF 40 40 0.51 6.4 86
6. Ethanol-acetone 125 40 Precipitation did not occur

Note: RDX conc. in acetone 40 g/L; DMF 100 g/L; temp. = ~5 °C; ultrasonication at 45 kHz;
stirrer = 2000 rpm; Average particle size = 6000/(SA * d), SA =BET surface area in m*/g and
d = density of RDX (1.82 g/cc).

The water-acetone system with a volume ratio ~100 (sample 1) gave particle
size ~2.8 pm. When the solvent was changed to DMF and the antisolvent/ solvent
ratio increased to 300, the particle size was reduced further to 1.8 um (sample 2).

Table 2.  Results of precipitated RDX for various antisolvent-solvent ratios
(BET surface area and average particle size)
Antisolvent/ Rate of sp_lu- Stirrer BET Ayerage particle | Yield
Sample | solvent | tion addition surface size [um] from
ratio [mL/h] P area [m¥g] BET data [%]
7. 5 25 1000 0.82 4.0 90
8. 10 17 1000 0.98 33 87
9. 20 25 1500 1.31 2.5 83
10. 30 25 1500 1.68 1.96 72
11. 100 50 2000 3.88 0.85 60

Note: solvent = acetone; antisolvent = n-hexane; RDX conc. in acetone 4 g/100 mL; Temp.
= ~5 °C; ultrasonication at 45 kHz; Average particle size = 6000/(SA * d), SA =BET surface
area in m*/g and d = density of RDX (1.82 g/cc).

Three non-aqueous antisolvents, viz., n-hexane, cyclohexane and ethanol
were tested. For the n-hexane-DMF system, with an antisolvent/solvent ratio
~40 (sample 5), the particle size was 6.4 um. When the solvent was changed
to acetone, the particle size was further reduced to ~1.9 um (sample 4).
n-Hexane was found to be a better antisolvent than cyclohexane (samples 4 and
3 respectively) in generating UF-RDX of lower particle size. Precipitation did
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not occur with the ethanol-acetone system even at a high antisolvent/solvent
ratio (~125). This may due to poor reduction in the solubility of RDX by the
antisolvent ethanol. In fact, RDX is sparingly soluble in ethanol.

The effect of the n-hexane/acetone ratio on the product particle size is shown
in Table 2. A higher antisolvent/solvent ratio gave finer particles. The highest
BET surface area of the precipitated product was obtained with the antisolvent/
solvent ratio of 100 (sample 11). The corresponding particle size was 0.85 pm.

FT-IR study

The FT-IR spectra of the precipitated RDX were found to match reported
data [38]. The observed transmittance bands are: 1592 cm™ (v,NO,); 1268 cm’!
(vNO, + vN-N); 1040 and 947 cm! (ring stretching); 783 cm™ (6 and y NO,);
605 cm! (1 + v NO,) [24, 31]. There was no change or shift in the transmittance
bands for UF-RDX samples when compared with those of the PG-RDX. This
indicates that the chemical structure of RDX remains intact during precipitation
and no impurity is incorporated in the UF-RDX.

Particle size analysis

The average particle size of the precipitated product was calculated from the
BET surface area data (as described in Tables 1 & 2). However, a few samples
were also analysed using a Malvern instrument. The particle size data are
summarized in Table 3. The different types of average particle size and range are
shown in the table. The average particle size for UF-RDX was much lower than
that of PG-RDX. The lowest particle size (D[3,2] = 2.3 um) was obtained for
sample 11 (n-hexane-acetone system with ratio ~100). The typical particle size
distribution curve for UF-RDX is compared with PG-RDX (Figure 1). UF-RDX
shows a broad bimodal, size distribution compared to the narrow unimodal size
distribution for PG-RDX.

Table 3.  Average particle size data for RDX samples

Sample code 5 [4’gvera§e[§’;r]ﬁde;i[%€'a5][Hm];pan

PG- RDX 62.5 44.8 58.2 1.3

(water/DMF gtFr:t{iIo));OO, sample 2) 14.5 4.5 11.8 24
(n—hexane/aceto[rjlz-.:t{z)t(io 20, sample 9) 12.8 4.1 10 2.6
(n—hexane/acetor}ilzlﬁzi)f) 100, sample 11) 5.6 23 4.3 24

"D [4,3]: volume-weighted mean dia.; D [3,2]: surface-weighted mean dia.; d [0.5]: median dia.
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Figure 1. Particle size distribution curves for: (a) PG-RDX; (b) UF-RDX
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Thermal study

The thermal study of the precipitated RDX was carried out using DSC. The
DSC profile of UF-RDX samples was compared with that of PG-RDX (Figure 2).
All of the DSC curves show a sharp endothermic peak at ~203 °C and a wide
exothermic peak at ~239 °C. These correspond to the melting and decomposition
of solid RDX respectively. These peaks match reported data [26, 39]. Frolov
et al. [40] reported a decrease in melting temperature for nano RDX. However,
we did not observe any change or shift in the DSC profile of UF-RDX when
compared with that of PG-RDX.
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Figure 2. DSC profile of RDX samples: (a) PG-RDX ; (b) UF-RDX
(n-hexane-acetone at ratio 100, sample 11); (c¢) UF-RDX (water-
DMF at ratio 300, sample 2).
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X-Ray Diffraction (XRD) study

XRD scans of RDX samples are shown in Figure 3. All peaks (20 values)
match those of standard RDX (PDF No. 00-005-0576). There is no change in
the peak positions for UF-RDX samples compared to PG-RDX. This indicates
the uniformity in crystallographic phase in all samples [41]. However, a change
in peak intensities was observed when compared with PG-RDX. This may be
due to different crystal habits and the finer particle size of UF-RDX [42].

19200
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23100
15400

7700

21000
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18000
12000
6000

20 25 30 35 40 45 50
2 theta (°C)
Figure 3. XRD profile for RDX samples: (a) PG-RDX; (b) UF-RDX (water-
DMF at ratio 300, sample 2); (c) UF-RDX (n-hexane-acetone at
ratio 20, sample 9); (d) UF-RDX (n-hexane-acetone at ratio 100,
sample 11).

SEM study

The SEM photograph of a PG-RDX sample showed irregular shaped crystals
with rough surfaces (60-80 um, Figure 4a). The UF-RDX particles showed
different morphologies depending upon the antisolvent/solvent system used.
UF-RDX particles obtained from the n-hexane-acetone system (sample 9) were
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of irregular shape, viz., rods, cylinders (with some branches and curves), ovals
(Figure 4b). However, at a higher antisolvent/solvent ratio (100), the UF-RDX
(sample 11) had a rod-shaped crystal morphology (Figure 4c; diameter <1 um and
length <20 um). Lee et al. [16] reported the formation of rod-like micrometer RDX
particles (diameter ~2-5 pm and length 15-20 um) using the same antisolvent-
solvent system. However, we observed a rod diameter in the submicrometer range.
This may be due to the high antisolvent/solvent ratio with effective macromixing
(mechanical agitation) and micromixing (ultrasonication). However, when the
solvent/antisolvent system was changed to DMF-water, the precipitated RDX
(sample 2) particles (<5 um) were found to be oval shape (Figure 4d).

Figure 4. SEM images of RDX samples: (a) PG-RDX; (b) UF-RDX
(n-hexane:acetone at ratio 20, sample 9); (c¢) UF-RDX
(n-hexane:acetone at ratio 100, sample 11); (d) UF-RDX (water-
DMEF at ratio 300, sample 2).
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Sensitivity tests

Friction and impact sensitivity data of the RDX samples are given in Table 4.
It is observed that the UF-RDX is more impact sensitive (7.4 J) than PG-RDX
(8.6 J). However, the friction sensitivity has been improved in precipitated
RDX. Zeman et al. [43] have reported a semi-logarithmic relationship between
friction and impact sensitivity of different fractions of HMX. According to them,
decreasing the particle size resulted in a decrease in the friction sensitivity and
an increase in the impact sensitivity. A similar trend is also observed here. The
friction force during shearing is proportional to the contact area of the explosive
particles [44]. The rod shape particles give a lower contact area for shearing
which results in lower friction sensitivity. It was observed that the UF-RDX
obtained from the DMF-water system is more insensitive to friction compared
to that from the acetone-n-hexane system. This may be due to the round shaped
morphology of the crystals [45, 46]. However, a more detailed study is essential
in order to give a valid explanation of the above experimental observations.

Table 4.  Impact and friction sensitivity data for RDX samples
Impact sensitivity | Insensitivity

No. Sample for 50% explosion | to friction T[(zrgﬁ) EE/I?

[J] [N] ’

1 PG- RDX 8.6 2353 26 55
UF-RDX

2 | (water/DMF at ratio 7.4 353 26 55

300, sample 2)

UF-RDX

3 | (n-hexane/acetone at 7.4 353 32 20

ratio 20, sample 9)

UF-RDX

4 | (n-hexane/acetone at 7.4 204.2 26 55

ratio 100, sample 11)

Spark or ESD sensitivity data are summarised in Table 5. UF-RDX was
found to be less sensitive to spark when compared to PG-RDX. Generally fine
particles of any explosive become more sensitive to spark when compared with
coarse one [47-48]. However, the reverse was observed in this case. This may
be due to the different morphology of UF-RDX (rod-shaped).
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Table 5.  Spark/ESD sensitivity for RDX samples

C v E Temp. RH
Sample [LF] kV] [ml] [°C] [%] Remarks
PG- RDX 0.01 8.6 370 32.5 40 not ignited
UF-RDX

(water/DMF at ratio 0.01 8.6 370 325 35 not ignited
300, sample 2)
UF-RDX
(n-hexane/acetone at | 0.01 9.0 405 30.5 48 not ignited
ratio 20, sample 9)
UF-RDX
(n-hexane/acetone at | 0.01 10.0 500 325 40 not ignited
ratio 100, sample 11)

C: Capacitance; V: Voltage; E: Energy at spark gap where no ignitions were observed for five
consecutive experiments.

Conclusions

The non-aqueous and aqueous drowning-out crystallization method was
developed to synthesize UF-RDX. Non-aqueous precipitation (at a very high
antisolvent/solvent ratio ~100) gives rod-shaped crystals with a rod diameter
in the submicrometer range (<1 um). Oval shaped (<5 um) crystals are
precipitated with the aqueous antisolvent. Though the drowing-out crystallization
methodology did not lead to precipitation of nano-RDX, the precipitated products
were ultrafine in nature, and may be useful for application as an energetic
ingredient in propellant formulations. The sensitivity studies indicated that the
precipitated material was more sensitive to impact and less sensitive to friction.
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