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This research aims to contribute to the safe methodology for additive manufacturing (AM) of energetic
materials. Coating formulation processes were investigated and evaluated to find a suitable method that
may enable selective laser sintering (SLS) as the safe method for fabrication of high explosive (HE)
compositions. For safety and convenience reasons, the concept demonstration was conducted using inert
explosive simulants with properties quasi-similar to the real HE. Coating processes for simulant RDX-
based microparticles by means of PCL and 3,4,5-trimethoxybenzaldehyde (as TNT simulant) are re-
ported. These processes were evaluated for uniformity of coating the HE inert simulant particles with
binder materials to facilitate the SLS as the adequate binding and fabrication method. Suspension system
and single emulsion methods gave required particle near spherical morphology, size and uniform
coating. The suspension process appears to be suitable for the SLS of HE mocks and potential formulation
methods for active HE composites. The density is estimated to be comparable with the current HE
compositions and plastic bonded explosives (PBXs) such as C4 and PE4, produced from traditional
methods. The formulation method developed and understanding of the science behind the processes
paves the way toward safe SLS of the active HE compositions and may open avenues for further research
and development of munitions of the future.

© 2020 China Ordnance Society. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Additive manufacturing (AM) technologies are maturing and
allowing effectivemanufacturing of components, including those of
energetic material devices. Conversely, technology advances in AM
may also enable more sophisticated fabrication of improvised
explosive devices that are hard to detect. Stakeholders within the
defence research and development sector need to be aware of this
potential threat and strive to develop counter solutions. AM is a
broad-spectrum term that includes several technologies that can
create 3D objects by adding material layer-by-layer. The benefits of
the AM of materials include rapid prototyping, control over the
material composition, and cost-effective manufacture of short
product runs. The AM processing of energetic materials allows
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structuring of the material at the mesoscale, something that is
challenging to achieve with conventional methods. The material
composition can be controlled, the particles can be manipulated
frommicro tomesoscale andmanufactured for unique structures in
theatre [1e3].

The rapid development of the additive manufacture technology
also affects the field of explosive materials. It has to be accepted
that this technology will in future be available to defence forces and
adverse insurgent elements alike. It is therefore imperative that
proactive research is executed to gauge the potential application of
this technology and processes that can be used for energetic ma-
terial manufacturing. Understanding these processes will enable
further research on the effects of emerging high explosive (HE)
compositions and devices to provide protection solutions and
counter-measures against such threats. Other advantages of AM of
explosive devices include:

� a need for precision placement of materials while minimising
wastage,
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� unique structures for warheads which are not obtainable by
traditional ways,

� control of composition as gradients can produce unique explo-
sive effects,

� improved insensitivity,
� reduced time between design and manufacturing,
� cost-saving and material control, and
� improved logistics as the application facilitates the military to
manufacture munitions even in the theatre of operations
[3e10].

Currently, the traditional manufacturing methods for explosive
devices are limited to production via cast-cure, melt-cast, and
pressed powder. High explosives, such as RDX-based composite
materials are currently limited to production via the pressed
powder method or castable mixtures which require further pro-
cessing for unusual shapes and which introduce sensitivity and
safety issues in the manufacturing process. Furthermore, the pro-
cesses are difficult and costly to update large-scale preparation
plants [1]. PBXs have been commonly used in both military and
industry because of their improved safety, enhanced mechanical
properties and reduced vulnerability during storage and trans-
portation. The pressed powder processes include explosive powder
materials, wax or polymer binder and solvent producing polymer/
plastic bonded explosives (PBXs), whereby the energetic particles
are first coated with a binder [11e18].

The ability of AM methods such as fused deposition has been
demonstrated on pyrotechnics and propellants [19e21]. Compo-
nents compatible with high explosives have been manufactured
through AM methods in the combat theatre as containers for
holding the explosive charges [4]. Researchers have attempted the
3D printing process on TNT, a high explosive material, but diffi-
culties in controlling its behaviour and safety issues that arise
during and after the process remain a concern [5,9,10]. As such, 3D
printing studies of a mock TNT material was executed to control
and tailor internal structures for a new explosive form. Gash [5]
studied and developed themethodology to produce plastic-bonded
high active explosive components for a direct ink-write AM process.
The product consisted of 94% (by weight) crystalline explosive
agglomerate bonded together with a thermoplastic polymer. There
is, however, an increasing need to improve the manufacturing
method for high explosives (HEs) to achieve unique shapes that can
be produced for different unique detonation and explosion effects.
This is the area inwhich selective laser sintering (SLS), an upcoming
AM method envisaged to be for manufacturing energetic material
devices, can be of assistance.

Selective laser sintering (SLS) is an additive manufacturing (AM)
technology that uses a laser to sinter powdered plastic material into
a solid structure based on a 3D model. An infrared laser beam
selectively activates target powder particles causing them to
partially melt and coalesce with neighbouring particles to form a
monolithic layer. However, the particles never reach a fully lique-
fied state during the sintering process. The adaptation considered
presently, is to employ a thermoplastic particle coating with the
idea that it will melt and effect the sintering without the HE core
melting at all or even be exposed to excessive heat [7,8]. This
technique is being considered because it prints very accurate and
precise parts compared to other processes, no support structures
are required due to the powder bed supporting the part, no post
curing is required, and the laser has a fast scanning speedwhich can
be adjusted and reduces printing time, paramount pre-processing
to ensure safety during the manufacturing process, prior to sin-
tering with the laser beam, the absorbing material (binder parti-
cles) are not completely melted but instead the temperature is
raised to just above the glass transition temperature or just below
the melting temperature where the material becomes soft and
rubbery, there is no risk of clogging such as with the nozzles
included in other processes, and larger parts can be printed due to
the larger build envelope [4e8].

The ultimate goal is to 3D manufacture intricate explosive
components using an RDX-based formulation using SLS technique.
Amajor challenge is the integration of non-castable high explosives
such as RDX with the SLS environment. Activation of the RDX
during the process must be avoided for both safety and technical
reasons. This means that formulation exercise is necessary in order
to make high explosives compatible with SLS. For example, indi-
vidually coating particles decreases RDX sensitivity [22]. Therefore,
the idea was to coat the RDX particles with another material, a
binder or other suitable explosive, with amuch lowermelting point
than RDX. Desired were composite particles formed by micro-
encapsulating individual RDX particles with the binder material
[23]. If these can be obtained as near spherical particles, the SLS
sintering will rely on the melting of the coating material to effect
sintering and coalescence of neighbouring particles into a dense
monolithic solid film layer. It must be noted that both porosity and
the presence of large amounts of inert materials are undesirable.
Their presence will reduce both the energy output and the deto-
nation velocity of the explosive. Therefore, dense prints are the
desirable output. For safety and practical reasons, this project used
inert simulants to mimic the explosive materials of interest
[22e26]. For this initial stage, the primary purpose was to find a
functional process that can be used to prepare mock RDX com-
posites additively using the SLS technique.

Because spherical Particles that are 20 mm and larger are pref-
erably deposited in the dry deposition as they tend to flow better
[27] and have low internal friction [19,28]. The critical constraints
for this work were coating effectiveness, generating spherical par-
ticle morphologies, controlling particles size in the micron size
range (>20 mm) and binding performance under SLS conditions.
The RDX simulant and coating processes investigated are similar to
those reported in the literature [12,13,29e32]. The selection of the
RDX inert simulant was primarily constrained by the solubility in
the solvents used and thermal attributes compared to RDX, with
quasi-comparable physical properties. A binder, with a lowmelting
point but fast solidification properties and with a very high IR
absorbance at the peak of the laser wavelength band, in contrast to
the RDX simulant, was used [33,34]. The proposed formulation
method developed, may in future enable safe additive preparation
of non-cast HE compositions, and it furthers the research and
development of novel munitions.

2. Experimental

2.1. Materials

Poly-ε-caprolactone (PCL) and 3,4,5-trimethoxybenzaldehyde
(utilised as TNT simulant) with melting points of 60 �C and
73 �Ce82 �C, respectively, were explored as potential coating ma-
terials and binders. PCL is a biodegradable polymer used in phar-
maceutical research (for particle encapsulation) for improved
stability and shelf-life, solubility enhancement and controlled
sensitivity. It has been used as an energetic polymer in pyrotechnic
compositions. The 3,4,5-trimethoxybenzaldehyde obtained as a
light yellow flake and it mimics TNT physical and chemical attri-
butes (except for energetics). The molecular weight is 196.6 g/mol;
the density is 1.40 g/cm3; the melting is virtually the same (84 �C)
as that for TNT and decomposition temperature is 337 �C. The
binders were obtained from Sigma Aldrich and used as received.

The selection of the RDX simulant was informed by the extent to
which they mimicked RDX with respect to its actual thermal and
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physical properties, including solubility in organic solvents but
highly sparing solubility in water. Potassium bitartrate, purchased
from Sigma, was chosen as RDX simulant. It has a melting and
decomposition point of 230 �C, the molecular weight is 188.18 g/
mol and it has a density of 1.05e1.95 g/cm3, and it had the required
solubility profile. Polyvinyl alcohol (PVA) was used as a stabiliser for
the emulsification the formulations. The grade used had a molec-
ular weight of 22000 g/mol and the degree of hydrolysis was
86e88%. Reagent grade dichloromethane (DCM), acetone, cyclo-
hexanone and chloroform were also purchased from Sigma. All
chemicals were used without further purification.

2.2. Methodology

The potassium bitartrate particles (RDX simulant) were reduced
via a ball milling process and sieved to obtain fine particles with the
desired particle size. Desired were near-spherical particles before
coating. It was a requirement for the coating methods employed to
achieve 1) microspheres larger than 20 mm but still in the micron
range, and 2) a free-flowing and non-agglomerated powder for
simple deposition and packing during the sintering process [28].
The influence of these constraints (spherical particles, particles size
and coating efficiency) were investigated on the SLS process by
evaluating their effect on fusion and packing of the coated particles.
The powder characteristics affect the sinterability, and also the pore
size, surface area, and surface roughness of the final product. The
particle size affects the design parameters of both the printing
process and the final part. The particle shape and size distribution
affect the most important powder properties, i.e. the propensity to
flow and deposit. Spherical particles larger than 20 mm are
preferred for this application because the corresponding powders
have a low internal friction and tend to flowwell [29]. As it has been
reported, the particle size in the range of 20e100 mm is preferred
for the SLS of polymer based particles [35e37]. However, this study
is explored the concept beyond 100 mm but still in the micron
range. The literature also reports that a way to create a denser
sintered layer is to create a more dense bed prior to the sinter
[38e40]. This means mixing different sizes or grades of particles
and the particle sizes should be designed and mixed in proportion
to better fill space in your sinter bed to maintain a heterogeneous
packing state well and reduce voids. Research has shown that
packing the coarser grains with smaller particles not only yields
higher density powders but also decreases balling defects in the
finished printed product [38]. The coated particles were sieved
through different meshes (50 mm, 80 mm, and 200 mm) and sepa-
rated in terms of the particles size before SLS. The particles in the
range 50e200 mm were the most dominant ones, and hence were
sintered with results shown in Fig. 8(c). Two sets of sintered
powders were 50e200 mm and the 50e500 mmwhich also resulted
in voids and is not presented for this paper.

2.3. Coating formulations

Inert mock RDX composite particles were obtained via
emulsion-based processes as shown on the flow diagram in Fig. 1.
The formulations evaluated consisted of potassium bitartrate as the
RDX simulant (90wt% and 60wt%). The poly-ε-caprolactone was
used as a polymeric binder (10wt%) and 3,4,5-
trimethoxybenzaldehyde was used as TNT simulant as an alterna-
tive second binder (40wt%). The objective was to investigate and
evaluate these processes for their ability to yield the required
spherical micro-particles in the desired size range at high coating
efficiencies. Parameters such as the nature of the organic solvent,
temperature, pressure, stirring intensity and evaporation method
were varied to find suitable conditions for the required end
product.
A literature procedure [28,29] was employed to effect the

microencapsulation of the RDX simulant with PCL. The suspension
system procedure is shown schematically in Fig. 1(a). A 100mg PCL
was dissolved in 20ml DCM, forming a polymer solution. The RDX
simulant powder (900mg) was dispersed into the PCL solution
with stirring maintained at 100e200 rpm. This suspension was
stirred into amediummade up of 2mL of the 1wt% PVA (used as an
emulsifying agent) and 20ml deionised water. The PVAwas utilised
to prevented agglomeration of the droplets in the suspension. The
resultant suspension was held at 40 �C and stirred continuously for
6 h. During this time the organic solvent was evaporated and the
droplets solidified. The resulting microspheres were recovered
from the mixture by decanting and dried in an oven at 40 �C for
about 24 h.

On the other hand, the microencapsulation of the RDX simulant
with the TNT simulant was conducted via a single emulsion pro-
cess, as shown in Fig. 1(b). The TNT simulant was melted by heating
to 90 �C. Then the RDX simulant particles were dispersed into the
melt by homogenising at 800 rpm for 2min. The emulsificationwas
achieved using IKAT25 Ultra-Turrax homogeniser. Next 40mL
deionised water was added while maintaining the temperature at
around 90 �C at a reduced stirring speed of ca. 200 rpm for 10min
using a magnetic stirrer. The temperature was then reduced to
23 �C with stirring for 30min to obtain droplet microspheres sus-
pended in cooledwater. Themicrosphereswere dried in the oven at
50 �C for about 8 h to remove residual water.

2.4. Characterisation

The particle size and morphology were investigated by imaging
on a Zeiss Crossbeam 540 FEG Scanning Electron Microscope (SEM)
operated between 1 kV and 3 kV. Attenuated total Reflection-
Fourier transform infrared spectroscopy (ATR-FTIR) spectra were
recorded on an in-house PerkinElmer Spectrum 100 Series instru-
ment. The recording was done at 32 scans over the wavenumber
range 500e4000 cm�1. High-resolution confocal Raman imaging
was carried out using a WITec alpha 300 RAS þ confocal Raman
microscope and a 532 nm excitation laser at low power of 1 mW.
The surface image scans were acquired using a 50 � /0.75 Zeiss
objective which gives a diffraction limited lateral resolution of
433 nm, and the scans were acquired over 40 � 40 mm2 area with
150 points per line and 150 lines per image using an integration
time of 1 s. Differential scanning calorimeter (DSC) runs were
conducted on a TA Q100 instrument under a nitrogen atmosphere.
The temperature was scanned from�80 �C to 100 �C at a ramp rate
of 10 �C/min. This was done to determine the thermal attributes of
the coatings present on the samples, i.e. the melting point, enthalpy
change and crystallinity on the coated samples. Laser sinterability
was explored with a Synrad CO2 Infrared (IR) laser (model D48-2-
28w). The laser wavelength was 10.6 mm, the spot size was 2mm,
and the laser power was varied from 0.5 to 3W.

3. Results and discussion

Fig. 2 shows the uncoated simulant used in the formulations
with a narrow particle size distribution and with a reasonable
Malvern particle sphericity after sieving. The order of sphericity
(roundness) of the sieved uncoated particles is demonstrated in
Fig. 2(b). The analysis was conducted using a Malvern particles
morphology. The closer to the order of 1 the particle gets, the closer
it is to a spherical shape. Fig. 3(a) shows SEM micrographs of PCL
coated particles, obtained with the suspension method. The coated
particle size ranged from 50 mm to 500 mm, i.e. it was comparable in
size to RDX production grade (A) as a fine crystalline material as



Fig. 1. Schematic of the emulsion-based microencapsulation procedures used for the preparation of mock RDX/TNT microspheres: Potassium bitartrate as RDX simulant with (a)
10wt% poly (ε-caprolactone) as binder, and (b) 40wt% 3,4,5-trimethoxybenzaldehyde as TNT simulant.
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reported in the literature [33,34]. To determine the coating thick-
ness, the coated particles were imbedded by Resin on a substrate.
An Ultra-microtome cutting method was used to section the coated
particles in half. The micrographs of cross-sectioned particles are
shown in Fig. 3(b) with coating thickness around 7mm. Fig. 4(b)
shows a micrograph of the cross-section of the PCL coated particle,
showing details of the core material and the coating forming the
outer shell.

Fig. 4 shows the TNT simulant coating on the RDX simulant
particles. Because the interest lies in the particle shape, size and
coating, the images are shown at different magnifications for
clarity. The particle size ranged from 100 mm to 700 mm. The par-
ticles featured a near-spherical morphology with a rough but
uniform surface. It can be observed that the microgranule consists
of a cluster of smaller particles. Such structural configuration is
evidence that the granules formulated possess compact smaller
particles with fairly low porosity. This a potential good application
for firepower, as it is reported that individually coated particles
decrease sensitivity and smaller explosive particles organised into
clusters that maintain the same structure drastically increase
weapon safety and performance [17,22]. Additionally, larger parti-
cles (formed of smaller particles) are easier to spread during SLS
and thus potential advantage of increased sinterability and aid in
the production of more homogeneous parts [41,42]. Fig. 4 (a and b)
shows close-up detail of the surface. Fig. 4 (c and d) show the
confocal Raman intensity mapping acquired from the surface and



Fig. 2. Uncoated RDX simulant (Potassium bitartrate): (a) Particle size distribution, (b) Malvern particle morphology in order of sphericity after sieving process, and (c) SEM image
showing the particle morphology before processing.

Fig. 3. Mock RDX/PCL at magnification (a) and (b) Photomicrograph of coated particle cross-section of the mock showing the coating thickness.
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core of the RDX/TNT mock, respectively.
The mapping was carried out over a large area of 40� 40 mm2

and 150� 150 Raman spectra were acquired over a shift of
0e3800 cm�1 (see the average Raman spectra in Fig. 6(a)). From the
average Raman spectrum of the surface and core of the RDX/TNT
mock, it can be seen that most peaks overlap. However, the peak at
883 cm�1 from the core spectrum does not overlap with those from
the surface spectrum of the mock. Similarly, the peak at 1585 cm�1

from the surface spectrum does not overlap with those from the
core spectrum of the mock. As a result, these peaks were used to
distinguish the surface and the core of the RDX/TNT mock and to
evaluate the uniformity of the chemical composition of the mi-
crospheres, as shown in Fig. 4 (c and d).

A nearly uniform intensity of the mapping suggests a uniform
chemical composition (phase) of TNT coating on RDX core across
the analysed areas of the surface and core of the mock. An observed
slight variation in the confocal Raman intensity of the mapping is
due to the irregular surfaces of the analysed areas which cause
variation in the microscope focal plane during analysis. It was
deducted that the formation of these microspheres depends on the
slow rate of stirring (around 200 rpm) and evapouration method.
Drying or evaporation temperatures around 40 �Ce50 �C and
ambient pressure were the key. The literature [30,31,43] also
reports that the stirring speed between 100 and 250 rpm at evap-
ouration temperatures 40 �Ce60 �C affects particle size diameter
ranging from 20 to 200 mm for coated microspheres. However, it
was noted during the experiment that the slow stirring
(100e250 rpm) at temperatures between 40 �C and 60 �C in-
fluences microspheres in the region of 50e700 mm, made of a
particle cluster.

FTIR was used primarily to assess and confirm the presence of
the binder and to confirm the strong absorbance of themolecules in
the coating material at the laser wavelength [44]. It was, therefore,
paramount to show the presence of the binder as a coating material
in these inert mock composites. Fig. 5(a) and Fig. 5(b) shows the
FTIR spectra for the RDX simulant and the coating materials
(binders) as references together with the coated samples (inert
mock composites). There are some clear observations that can be
made, the peak intensities of the binders' stretching frequencies are
comparable with the coated samples.

The peak around 3340 cm�1 due to the RDX inert simulant
molecule (OeH) is observed on all coated samples and correlates
with the mid-IR laser wavelength (2.9 mm). The unique double peak
around 2900 cm�1 (corresponding to 3.5 mm mid-IR wavelength)
due to CH2 (single peak due to CeH) stretch on both the PCL and
3,4,5-methoxybenzaldehyde spectrum is observed on the coated



Fig. 4. SEM images at low magnification (a) 200 mm, (b) 100 mm, (c) Surface microstructure of the mock RDX/TNT granule, confocal Raman intensity mapping of the 883 and
1585 cm�1 peaks of the microsphere (c) core and (d) surface.

Fig. 5. FTIR characterisation of mock explosive formulations.
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samples. The simulant also indicates aweak stretching frequency of
CeH. The region around 1800 cm�1 absorbing area on the coated
samples is also observed due to RDX simulant acidic C]O- stretch
and a strongly absorbing PCL (ester C]O- stretch). Another strong
stretching frequency peaking around 1700 cm�1 is due to the TNT
inert simulant used as a binder. This is also close to the carbonyl
stretching frequency of the RDX simulant. These frequencies
correlate to a far-IR laser wavelength (from 5.5 mm) and may not be
suitable if the only intention is to activate the binder. Therefore, the
best laser wavelength to possibly only activate the binder materials
would be around 3.5 mm (due to the CH2 stretch), the mid-IR laser
wavelength.

However, the RDX is reported to be less active and its molecules
(such as NO2, CeH) do not absorb energy in the IR wavelength
region. Hence the IR cannot break the chemical bonds of the active
molecules to induce the exothermic reaction [45]. From the safety
standpoint, this is a good attribute on RDX for the SLS process.
Additionally, the RDX does not form a plasma (whichmay influence
ignition of the material) when exposed to energy from the IR
wavelengths [44e47]. Therefore, the sintering and fabrication
process of active RDX composites may be possible with the whole
IR wavelength regime (up to 10.6 mm) as the source of energy.

The chemical vibrational modes were confirmed by the Raman
chemical shift analysis, that suggest the similarities of the chemical
phases possessed by the coated samples compared to the starting
materials. Fig. 6 shows the Raman spectra of the starting materials



Fig. 6. Raman characterisation mock explosive formulations.
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and the mixture (both the mock particle surface and the core
presented). The Raman shifts are in agreement with the chemical
shifts observed in FTIR spectra. The shifts of the core for the gran-
ules seem to be correlating with those of the RDX simulant as
highlighted on Fig. 6(a) around 250 cm�1, 900 cm�1 and 3000 cm�1.
The shifts measured on the coated particle surface compare more
with the TNT inert simulant. Fig. 6(b) confirms the uniqueness of
the CH2 shift (2900 cm�1) influenced by the PCL binder observed on
all coated samples. There seem to be other common effects around
400-500 cm�1 and 2400 cm�1 (influenced by OeC]O group)
indicating that the coated samples do comprise both starting
materials.

It is further observed on the DSC heat curves in Fig. 7(a) that all
the coated samples possess an endothermic peak around 60 �C
(absent in the simulant spectrum) due to the melting point of PCL.
While Fig. 7(b) shows the thermal attributes on the coated RDX
inert simulant particles comparable with 3,4,5-
trimethoxybenzaldehyde (TNT simulant). These thermal attri-
butes (endotherm and exotherm) are absent for the neat inert
simulant. This confirms the presence of binder materials in the
coated samples and that it is possible to activate or soften the
binders around their melting points and crystallise at cooling
without affecting the simulant. Assuming that the crystallinity of
the binder in the coated samples is still the same as before
formulation; the binder content is about 9.2% in the sample for PCL
-coated particles and about 32% in the simulant TNT-coated
particles.
3.1. Selective laser sintering tests on coated mock formulations

The formulated mocks were sintered to assess the viability of
the inert RDX simulant particles being fused and bonded by a
polymeric binder and TNT simulant via the SLS method. This was
conducted on a pre-placed direct laser sintering process. The aim
Fig. 7. DSC analysis of the HE inert mock composites, (a) PCL co
was for the binder to only absorb the laser energy and get activated
to allow coalescence and sintering at cooling.

Initial studies were performed on the binder particles to show
that they can indeed absorb the IR wavelength and that it is actually
possible to perform SLS. The optical micrographs of the sintered
layers are shown in Fig. 8(a) and Fig. 8(b). Fig. 8(c) shows the sin-
tered area, giving details to the contact between bonded particles,
voids and the thin coating. It can be observed that the bonding
between the PCL-coated particles was well facilitated. It was
anticipated that the formulation methods may either produce a
uniform coating or a layer of particles. It was then observed that the
coating on the surface is uniform and not in a form of “layer of
particles”. Hence the effect of the latter was not determined.
Moreover, the uniform coating does influence a good sintering
mechanism. The interior void spaces are confirmed on the sintered
mock. These voids may affect the explosive performance (density)
of the real active end product depending on the particle size rela-
tive to the void size. Smaller voids relative to the solids should not
be a critical factor in explosives. However, since it is reported that
large structures of RDX without voids do not allow sufficient hot
spots for a shock stimulus to generate the conditions needed to
start and sustain a chemical reaction [27]; hence the voids can be
allowed on condition that they are smaller relative to the EM par-
ticles. Additionally, during SLS printing, there must be enough
binder to fill the open spaces between closed packed core particles.
Otherwise, the overall component will not be void free. Hence the
presence of voids is inevitable with a small binder ratio in the
formulation. Increasing the inert binder (polymer) may, however,
decrease the performance of the active core. For the PCL coated
particles, the sintering was achieved from minimum 0.5W IR laser
power with a focused beam of about 1.8mm spot size at minimum
exposure time of 15 s. This exposure timewas validated sufficient to
facilitate the bonding between the coated particles without
decomposing the polymer. The testing of sufficient power was
ated particles and (b) TNT inert simulant coated particles.



Fig. 8. (a) and (b) Optical micrograph of a sintered PCL and TNT simulant, (c) SEM images of sintered mock (layer) from PCL coated RDX simulant particles, (d) High speed image of
RDX/TNT mock showing the decomposed TNT simulant area after exposure to solar energy SLS.
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functional from minimum laser power 0.5We3W and 15 s expo-
sure time. The polymer was only observed to decompose at higher
laser power above 3W for longer exposure times. However it is
understood that the laser power does fluctuates at lower powers
around 0.5W. Hence the power should be above 0.5W. The sin-
tered layer appears to possess a homogeneous smoother surface
compared to prior sintering.

However, the mock RDX/TNT did not sinter using the IR wave-
length. This is possibly due to the TNT simulant absorbing energy
insufficiently around the wavelength used. Moreover, when
exposed to the solar energy SLS, it still did not sinter but the coated
particles decomposed around 150 �C, as can be observed in
Fig. 8(d). In solar energy SLS, The SLS system used the energy
harnessed form the solar radiation as the source of energy to sinter
the material. The sun rays were concentrated and focused with a
Fresnel lens. It was then concluded that the TNT simulant is not
suitable for SLS as the AM technique, and hence the real TNT may
not be conducive for this technique environment. Therefore,
another AM technique should be considered for this formulation.

The packing density of both mock composites was calculated
using the rule of mixtures and it is estimated to be 1.20 g/cm3 [24].
The density of PCL-bonded real active RDX was estimated from the
theory of random packing of spheres [48], to be around 1.57 g/cm3,
comparable to that of C4 and PE4 as a PBX produced from a tradi-
tional press powder method. The density of TNT-coated RDX was
also estimated around 1.64 g/cm3 which also comparable to that of
composition B explosive mixture. For this proof of concept, only
one sintered layer was formed as a pre-placed sintering method
(manual) was used. Determination of the packing density, experi-
mentally, shall be conducted in the follow-up study on optimiza-
tion of these methods on active materials.

4. Conclusion

The purpose of this project was to investigate and evaluate
coating processes to enable SLS of polymer-bonded explosives and
high explosive (HE) composites. This was primarily conducted
through a demonstration of the concept by use of inert simulants
and thus mocks for safety and practicality reasons. Suspension
systems and single emulsion were investigated (varying the input
parameters) for required coated microspheres, uniform coating
effectiveness and bonding or sintering performance under a se-
lective laser sintering method. The resultant PCL coated micro-
spheres possessed a uniform coating. The microspheres coated
with inert simulant TNT comprised compact particles and uniform
coating with fairly rough surface. The suspension and single
emulsion processes were found to produce mock powder particles
with required constraints such as spherical morphology, required
size range (>20 mm) with uniform but rough coating surface. The
SLS concept was demonstrated successfully for the PCL coated
mock. Preliminary binding experiments indicate that laser sinter-
ing with IR wavelength for PCL coated RDX simulant particles from
the suspension process is plausible according to the bonding
mechanism of the coated particles regardless of the voids formed.
On the other hand, the TNT inert simulant coated RDX simulant
(RDX/TNT mock) is found to be incompatible and unsuitable with
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the SLS technique.
It is therefore recommended that non-laser energy based ad-

ditive manufacturing techniques such as binder jetting be tried for
this formulation. Further research within this project aims to
investigate the suspension and single emulsion processes as
coating formulations with already determined parameters using
the actual active RDX and further characterise the composites for
performance and safety for the SLS. The results from this approach
will be used to compare with the PBXs from the traditional
methods.
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