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Smart weapon systems are being miniaturised for widespread application in high-energy materials,
necessitating the development of processable and printable high explosive (HEs) composites that can be
detonated with a small critical diameter. This study presents an efficient strategy for fabricating HE
composites with exceptional detonation performance. We developed an HE ink based on 1,3,5-trinitro-
1,3,5-triazinane (RDX), consisting of a glycidyl azide polymer (GAP) as a binder and a metal-organic
framework (MOF) as an additive. This ink was deposited on an aluminium plate using direct ink writing

(DIW). The resulting RDX/MOF composite demonstrated a significantly lower critical diameter (~720 pm)
Received 2nd May 2024 for detonati dt ite without the MOF. This reduction in critical diameter is attributed
Accepted 11th September 2024 or detonation compared to a composite without the . This reduction in critical diameter is attribute

to the pores inside the MOFs, which enhanced the transfer of heat during detonation, creating an artificial

DOI: 10.1039/d4ra03241a hot-spot that sustained continuous explosion. The fabricated RDX/MOF composite offers a promising
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Introduction

As interest in miniaturizing and integrating complex weapon
systems grows,'” there is a pressing demand to advance tech-
nology in line with the trend of reducing the size of various
sophisticated components and functionalities into unified
systems.* This could involve shrinking the size of existing
devices, such as missiles, drones, and surveillance equipment
to create more efficient and versatile weapons that can be
seamlessly integrated into military operations. High explosives,
as key components of weapon systems, need to be meticulously
incorporated into these systems. Commercial high explosives
(Fig. 1a), such as RDX, HMX, CL-20, and TNT,*” predominantly
exist in granular or powdery forms. For effective application,
they must be transformed into a solution-processable phase.
Numerous studies have focused on developing high explosive
(HE) inks for printing and patterning purposes.®*™*

HE inks generally consist of explosives, binders, solvents, and
additives (Fig. 1).*>™** The binder serves as the matrix that holds
the explosive particles together in a cohesive mixture*” and
ensures proper adhesion to the substrate during printing and
patterning processes. Furthermore, the binder influences the
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approach for developing miniaturized smart weapon systems with improved detonation characteristics.

overall stability, compatibility, and performance of the printed
explosive materials, making its selection crucial for optimising the
properties and functionality of HE inks for various applications.
Energetic polymers containing high-energy functional groups
such as nitro, nitramino, difluoroamino, and azido groups are
used for patterning powdered explosives. The properties of the
polymer binder used to enclose high-energy-material-based ink
on the substrate significantly impact the detonation performance
of the composite. Notable binders include 3-nitratomethyl-3-
methyl oxetane (NIMBO)'"** glycidyl nitrate (GLYN)*** and gly-
cidyl azide polymer (GAP).>** These polymers typically have low
glass-transition temperatures (Fig. 1b). Among them, GAP is
considered an effective binder with a high energy potential
compared to other energetic polymers due to its azido group (-
N;), which increases the detonation effect by releasing a signifi-
cant amount of nitrogen gas during detonation.

Additives in HE ink are substances incorporated into the
formulation to modify or enhance specific properties of the ink or
the final printed explosive material (Fig. 1c). Depending on the
specific requirements of the printing process and the desired
characteristics of the end product, these additives can serve various
purposes. Al powder is a common additive found in HE inks; it is
widely used in research on additives for high explosives.”** When
combined with explosives, it improves explosion performance by
increasing the explosion heat and bubble energy. Other additives
include emulsifiers, such as Viton A, and PVA that are used in CL-20
based ink to stabilize the interface between components, reducing
defects and critical detonation size.”®

For the main constituent of HE inks, the explosives, RDX and
HMZX, composed of nitroamine groups, have been traditionally
employed in weaponry due to their high energy density and
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Fig. 1 Representative structures of (a) high energy materials and (b) polymer binder and (c) images of additives.

straightforward synthesis. To enhance their safety and
customize their properties for specific applications, they are
often combined with polymers or waxes to form polymer-
bonded explosives (PBX). Although PBXs mitigate sensitivity
concerns, their detonation performance is limited at small
charge sizes, restricting their application in the miniaturization
and integration of complex weapon systems.

We hypothesised that porous nanoparticles with uniform
nanopores and high pore volumes, such as metal-organic
frameworks (MOFs), in combination with high explosives could
promote active detonation by providing artificial hot spots. In
this study, RDX-MOF inks made of RDX-based inks containing
highly porous materials and MOFs were prepared to enhance
detonation performance and patterned using direct ink writing
(DIW). The resulting patterned RDX-MOF composites demon-
strated enhanced detonation performance, detonating at
a lower critical diameter (720 pm) compared to RDX ink.

Experimental

Materials

Chromium(m) nitrate nonahydrate (Cr(NO;);-9H,0, 99%),
hydrofluoric acid (HF, 48 wt% in H,0, =99.99% trace metal
basis), 1,4-butanediol (BDO, 99%), sodium azide (99%), sodium
sulfate (99%, anhydrous, powder), BF;-dimethyletherate (98%),
epichlorohydrin (ECH, 99%) and methylene chloride (99.8%)
were obtained from Sigma-Aldrich. N,N-Dimethylformamide
(DMF, 99.5% purity), and ethyl alcohol (99% purity) were
purchased from Samchun, Korea. Terephthalic acid (H,BDC)
was supplied by Tokyo Chemical Industry (TCI). 1,3,5-Trinitro-
1,3,5-triazinane (RDX) was provided by the Agency for Defense
Development (ADD). All reagents were used as received, without
further purification.

Synthesis of MIL-101(Cr)

Cr(NO3);3-9H,0 (1.68 mmol, 400 mg) and H,BDC (1 mmol, 166
mg) were dissolved in a mixture of HF and H,O (0.02 mL/4.8
mL). After mixing, the solution was heated at 220 °C for 18 h
in a hydrothermal reactor. After cooling to 25 °C, a green
precipitate was isolated from the unreacted chemicals by
centrifuge and washed several times with DMF, H,O, and
ethanol. The resulting product was dried at 150 °C for 24 h
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under vacuum. Next the as-synthesised MIL-101(Cr) was
immersed in 100 mL of 0.03 M aqueous NH,F solution at 60 °C
for 12 h for activation. Finally, a green precipitate was obtained
after purification with H,O and dried at 150 °C for 24 h under
vacuum.

Synthesis of glycidyl azide polymer

Glycidyl azide polymer (GAP) was synthesised in two steps:
synthesis of polyepichlorohydrin (PECH) and conversion of
PECH to GAP (Fig. S27).

1.33 g (14.4 mmol) of 1,4-butanediol (BDO) dissolved in
methylene chloride (75 mL) was placed in a flask under
a nitrogen purge. BF;-dimethyletherate was added to the solu-
tion and stirred at room temperature for 1 h. After cooling the
reaction vessel to 0 °C, 46.66 g (504.4 mmol) of ECH was
injected dropwise at a rate of 0.1 mL min~" for 12 h. The
reaction was allowed to continue for another 12 h at room
temperature and then quenched by adding water. The organic
phase containing PECH was extracted with methylene chloride
and washed several times with distilled water. Then, it was dried
over sodium sulfate and filtered. Finally, the solvent was evap-
orated at 40 °C using a rotary evaporator and dried at 60 °C in
avacuum oven. A yellow liquid with high viscosity was obtained.

PECH (28 g) was dissolved in N,N-dimethylformamide (DMF;
100 mL). The solution was heated to 120 °C under a nitrogen
atmosphere and 25 g of sodium azide was added to the mixture.
After 12 h, the reaction was quenched by adding water and
filtered to remove the unreacted reagents. The organic phase
containing GAP was extracted with methylene chloride and
washed several times with distilled water. Then, it was dried
over sodium sulfate and filtered. Finally, the solvent was evap-
orated using a rotary evaporator and dried at 60 °C in a vacuum
oven. A yellow liquid with high viscosity was obtained (M,, =
2420 kg mol ).

Preparation and DIW of RDX-MOF ink

As shown in Fig. 2a, the GAP binder was completely dissolved in
chloroform, and the explosive RDX and additive MIL-101(Cr)
were added to the solution in the desired set ratio. The solu-
tion was then mixed uniformly using a stirrer and sonicated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schemes depicting (a) the preparation process of RDX composites pattern using the DIW method and (b) the aluminium substrates with

grooves.

The solvent was evaporated at 50 °C in a hot plate to form
a slurry. The slurry was printed on the aluminium plate.

Evaluation of the critical diameter for detonation

A detonation test was conducted to evaluate the critical diam-
eter after detonation using an exploding bridge wire (EBW)
detonator (detonator Rp87, blaster FS-17). An aluminium
substrate with grooves measuring 1 mm in width and 100 mm
in length, was employed to assess the critical diameter for
detonation (Fig. 2b). The depth of the grooves tapered from
3 mm to 0 mm, with a slope of 1.72° between the bottom and
top of the furrow, facilitating the determination of the critical
diameter after detonation. The critical diameter after detona-
tion was calculated using the following eqn (1).

D= Ltan1.72 (1)
where D [mm] represents the critical diameter (depth) and L
denotes the length at which detonation occurred.

The RDX-based pattern was printed on a tapered groove of
the aluminium substrate using DIW and allowed to dry
completely. After covering the substrate with the same material,
the detonator was positioned in contact with the RDX pattern
(Fig. 2b). A detonation test was subsequently performed to
assess the critical diameter.

Characterization

Nitrogen adsorption measurements were conducted on
a Micromeritics ASAP 2050 analyser at —196.15 °C after samples
were preheated at 150 °C under vacuum for 12 h. The Brunauer-
Emmett-Teller (BET) method was used to determine specific
surface area and pore size distribution. Powder X-ray diffraction
(PXRD) patterns were collected using a Rigaku D/Max2200 V X-
ray diffractometer, with a scanning voltage of 40 kV and current
of 40 mA. The samples were scanned at a speed of 3° min ™" over
a 260 range of 2-40°. Scanning electron microscopy (SEM) were
employed to examine the morphology of the MOFs Philips

© 2024 The Author(s). Published by the Royal Society of Chemistry

XL30S FEG (10 kV) microscope. Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were obtained
using Nicolet 6700 (Thermo Scientific, MA, USA) to characterize
the samples containing explosives. Spectra were recorded in the
range 4000-400 cm~'. "H NMR was performed to confirm the
azidation of PECH to GAP using Brucker DPX-500FT NMR
spectroscopy (Bruker, MA, USA). The molecular weight of GAP
was measured by e2695 (Waters Co., MA, USA). The rheological
properties of RDX based inks were investigated using a viscolite
700 portable viscometer after immersing the probe in the 50 mL
of RDX ink with stirring. The thermal analysis of GAP was
carried out using thermogravimetric analysis (TGA-N1000,
Scinco M&T, Korea) at a ramping rate of 10 °C min~" up to
500 °C under a constant flow of nitrogen (30 mL min ). The
MIL-101(Cr) ratio in the RDX composites was investigated using
an inductively coupled plasma-atomic emission spectrometer
(ICP-AES, Thermo Fisher Scientific iCAP 6500 Duo) under the Ar
purge. For ICP analysis, the solid-phase composites were
prepared by completely removing the solvent from the RDX ink.
The solid composite containing MOFs, RDX, and polymer
binder, were completely dissolved in the solvent during the pre-
treatment process using sulphuric acid and then analyzed.

Results and discussion
Characterization of MIL-101(Cr) and GAP

MIL-101(Cr) with regular nanopores (<4 nm) and a high pore
volume was chosen as an additive for the RDX composites and
was synthesised via a solvothermal reaction. MIL-101(Cr) was
characterised by N, isotherms, pore size distribution, PXRD, IR
spectroscopy, TGA and SEM (Fig. S1t). N, adsorption and
desorption isotherms and pore size distribution (Fig. S1a and
bt) showed a typical IV-type isotherm, indicating the meso-
porous structure of MIL-101(Cr). The Brunauer-Emmett-Teller
(BET) method estimated a specific surface area of approximately
2524 m* ¢~ and a total pore volume of approximately 1.4 cm?
g ! at a relative pressure of P/P, = 0.99. PXRD patterns of MIL-
101(Cr) closely matched the simulated pattern of MIL-101(Cr)

RSC Adv, 2024, 14, 31461-31466 | 31463
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(Fig. S1ct). Sharp characteristic peaks below 10° confirmed that
MIL-101(Cr) was highly crystalline. In the IR spectrum, the
peaks at 1404 cm™ ' indicated symmetric (O-C-O) vibrations,
suggesting the presence of dicarboxylate, whereas the peaks at
1508 cm™" represent stretching vibrations of (C=C) in the
benzene ring (Fig. S1dt). MIL-101(Cr) shows thermal stability
until 400 °C then decomposes with 60 wt% weight loss under N,
atmosphere (Fig. Siet). A uniform octahedral morphology with
an average size of 600 nm was observed in the microscopic
image (Fig. S1ft).

GAP was synthesised in two steps: the polymerisation and
azidation of PECH (Fig. S31). Peaks observed at 2094 cm™ ' and
3500 cm ! corresponded to the -Nj stretching vibration and
terminated OH groups, respectively (Fig. S3at). The TGA curve
showed a steep weight loss at 200 °C, similar to existing litera-
ture (Fig. S3ct). The "H-NMR data showed the main character-
istic peak at 3.37 ppm corresponding to the methylene protons
of the azidomethyl groups (-CH,N3), 3.52-3.72 ppm due to the
methylene protons of the polyether main chain, and 3.95 ppm
belonging to -OH (Fig. S3df). The molecular weight of the
resulting GAP was 2420 g mol~' (number-average molecular
weight, M,), with a polydispersity index (PDI) of 1.5 (M,,/M,,).

RDX-MIL-101(Cr) ink

A previous study found that achieving high levels of RDX filling
within the nanopores of MOFs exceeding 90% led to reduction
in sensitivity to RDX. This was attributed to the decreased
internal voids within RDX caused by its encapsulation within
the nanoporous MOFs, as well as the rigid three-dimensional
structure of the MOF. However, when RDX was simply mixed
with MOFs without encapsulation, sensitivity increased signif-
icantly, leading to detonation at lower energy levels. Given the
varying sensitivities of RDX upon the addition of MOF, MIL-
101(Cr) was mixed with an RDX-based ink comprising GAP as
a binder and chloroform as a solvent. Chloroform was chosen as
the solvent as it effectively dissolved GAP without dissolving
RDX. This helps prevent the explosive from entering the pores
of the MOF, which could otherwise lead to a reduction in
sensitivity. The compositions of the RDX-MOF inks are listed in
Table 1. The samples with the viscosity of 2.3 cp to 4.0 cp were
prepared according to the different proportions of MIL-101(Cr)
(Table S11). The viscosity was increased as more solid

Table 1 Formulations of energetic inks with different RDX/GAP/MIL-
101(Cr)

Sample GAP RDX-E MOF(Cr)
RDX/MOF(0) 011g 0.99g
10% 90%
RDX/MOF(0.5) 011g 0.9845 g 0.0055 g
10% 89.5% 0.5%
RDX/MOF(1) 011g 0.979 g 0.011 g
10% 89% 1%
RDX/MOF(1.5) 0.11¢g 0.9735 ¢ 0.0165 g
10% 88.5% 1.5%
RDX/MOF(2) 011g 0.968 g 0.022 g
10% 88% 2%

31464 | RSC Adv, 2024, 14, 31461-31466
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component was added to the solvent, chloroform with
a viscosity of 0.5 cp. The measurements of RDX ink had the
similar viscosity to the existing ink of high energy materials.®
The samples were denoted as RDX/MOF(0), (0.5), (1), (1.5), and
(2), respectively. As the amount of added MOF increased, the
viscosity of the sample slightly increased.

RDX/MOF composite

The resultant RDX-MOF composites exhibited a crystallinity
similar to that of raw RDX (Fig. S4at). The characteristic peaks
of GAP were not easily discernible due to its amorphous struc-
ture (Fig. S4bt). IR spectra confirmed that the RDX/MOF
composites displayed characteristic peaks of both RDX and
GAP. However, given the limited amount of material used in
preparing the RDX ink, highly crystalline MOFs with specific
functional groups could not be identified in either the IR or
XRD data. To quantitatively assess the MIL-101 (Cr) ratio,
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) measurements were conducted and compared with theo-
retically calculated values (Fig. 3). The results indicated
a proportional increase in Cr content with increase in MOFs
content, with slight differences. Microscopic analysis was per-
formed to investigate the morphology and dispersity of the
RDX-MOF composite components (Fig. 3). Micron-sized RDX
particles were well dispersed within the GAP matrix. In partic-
ular, nano-sized MOF particles were well-dispersed in the RDX/
MOF(2) composite (Fig. 4b).
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Fig. 3 Cr component in RDX ink obtained through ICP analysis and
theoretically calculated value.

Fig. 4 FESEM images of RDX ink pattern of (a) RDX/GAP and (b) RDX/
GAP/MOFs.
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Fig. 5 Density of RDX ink measured by gas pycnometer.

The localisation of RDX within or outside the pores of the
MOFs significantly influences their sensitivity. To ascertain
whether RDX was present inside or outside the pores, the
densities of the RDX composite without MOFs and the RDX/
MOF composites were measured using a gas pycnometer
(Fig. 5). The theoretical densities were calculated assuming that
RDX existed outside the pores of the MOF. The measured
density values of the RDX/MOF composites closely matched the
theoretical values, suggesting that RDX predominantly resides
outside the pores rather than being encapsulated within them.

Critical diameter for detonation of RDX/MOF composites

The critical diameter of an explosive represents the smallest
diameter that can sustain detonation to propagate and is
a fundamental parameter for characterising explosives. The
RDX/MOF ink was deposited on an aluminium substrate with
awedge-shaped groove using DIW. The groove's width was fixed
at 1 mm, and its length was 100 mm, while the depth decreased
gradually from 3 mm to 0 mm with a specific slope of 1.72°

(@ (b) :
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. «® RDX/MOF(0.5) *

+ ® RDX/MOF(1)

- ® RDX/MOF(1.5) |

E + ® RDX/MOF(2)

Fig. 6 Images of plate patterned with RDX/MOF ink (a) before and (b)
after detonation.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

121
£ 1.0}
E
& 08¢
£
& 06¢f
©
©
S 04r
=
]
0.2}
RDX/ RDX/ RDX/ RDX/ RDX/
MOF(0) MOF(0.5) MOF(1) MOF(1.5) MOF(2)
Sample

Fig. 7 Results of detonation test of RDX/MOF composites.

(Fig. 2b). After detonating the prepared samples, traces of
explosions were observed on the plate (Fig. 6b). The length of
the detonated trace varied depending on the MOF content in
the ink. Component 3, containing 1 wt% Cr-based MOFs,
resulted in the longest explosion trace because the designed
nanopores efficiently transfer the heat generated during deto-
nation (Fig. 7). However, with an increased MOFs concentration
of 1.5 wt%, the presence of more MOFs served as combustible
materials, absorbing the heat generated from explosives in the
ink. Therefore, a long trace of the explosion was not observed.

Conclusions

The progression and integration of weapons systems have
emphasized the need for explosive systems capable of operating
in diverse environments. With the emergence of nanotech-
nology, numerous studies have reported the incorporation of
novel materials into explosive formulations to optimise their
performance. In this study, highly porous materials were
introduced into explosive inks. The use of MIL-101(Cr) MOFs in
RDX-based ink successfully created artificial hotspots, enabling
detonation at low critical diameters. This innovation has the
potential to significantly impact the development of compact
and integrated weapon systems.
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