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Abstract
Fused deposition modelling (FDM) has been one of the most widely used rapid prototyping (RP)
technologies, which has been attracted increasing attentions in the world. However, existing literatures
about energetic material flow inside the 3D printer nozzle are sparse. For plunger 3D printer, we
summarized the experimental and related literatures, finding that viscosity, temperature, outlet velocity,
pressure, and nozzle diameter are the main factors to affect the flow state in the nozzle. Based on the
actual printer nozzle structure, in this paper, a finite element model was established by SOLIDWORKS
software firstly, meanwhile, the flow channel model of the nozzle was extracted and simplified. Secondly,
the factors influencing the printing results were researched and analysed. In the end, numerical
simulation on velocity field and temperature field was carried out by FLUENT software. Moreover, the
printing test of HMX/TNT was also carried out by using EAM-D-1 3D printer. The printed sample shows
that 3D printing is more satisfactory than conventional melt-casting ways to prepare high viscocity and
unconventional structure explosives

1. Introduction
3D printing has become commonplace for the manufacturing of objects with unusual geometries, and
recent developments that enabled printing of multiple materials indicate that the technology can
potentially offer a much wider design space beyond unusual shaping [1]. This is a work of making threedimensional solid objects from digital files [2]. Compared to conventional manufacturing methods, 3D
products can be created by acquired data or structures built in computer - aided design (CAD) software
and reduce waste while reaching satisfactory geometric accuracy, thus, 3D printing has the advantage of
higher quality, greater efficiency and reduce maintenance cost. 3D printing has found industrial
applications in the automotive and aerospace industries for printing prototypes of car and airplane parts,
and in the architectural world for printing structural models [3]. According to the state of materials, 3D
printing can be divided into many types, such as stereolithography (SL) [4], Polyjet [5] fused deposition
modeling (FDM) [6], laminated object manufacturing (LOM) [7], selective laser sintering (SLS) [8],
laminated engineered net shaping (LENS) [9], Prometal [10], and so on.
FDM, as a kind of rapid prototyping technology, is one of the most widely used methods for rapid
prototyping in the world and developed by Scott Cump of Stratasys. Low price, high speed and
convenience of the process are the main benefits of FDM. The physical process of FDM method was a
thermoplastic polymer is used to print layers of materials. The filament is heated at the nozzle to reach a
molten or semi-liquid state and then extruded on the platform or on top of previously printed layers. The
direction in which the head and platform are free to move depends on 3D printer type. In this study, the
head moves on X-Y plane and deposits materials according to the geometry of the currently printed layer.
After finishing a layer, the platform holding the part moves vertically in the Z direction to begin depositing
a new layer on top of the previous one [11]. The thermoplasticity of the polymer filament is an essential
property for this method, which allows the filaments to fuse together during printing and then to solidify
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objects fabricated from multiple material types by printing and subsequently changing the print material,
which enables more producer control over device fabrication for experimental use. Besides conventional
materials such as PC [13], polystyrene (PS) [14], ABS [15], FDM can also be used to print 3D models by
using metal [16], ceramics [17] and biomaterials [18]. FDM 3D printing technology can be applied in many
fields, including energetic materials.
Melt cast explosives are used in mortars, grenades, artillery shells, warheads, and antipersonnel mines.
2,4,6-trinitrotoluene (TNT) based melt cast high explosive (HE) compositions occupy a premier position
as fillings for warheads and projectiles due to extensive production facilities all over the globe, despite
their limitations and the emergence of cast cured HE compositions [19]. An ideal melt-cast explosive or its
formulations should have the following properties: (1) melting point 70–120℃, (2) low vapor pressure,
(3) no shrinking and cracking on cooling, (4) no separation from the shell or casing, (5) high density and
good energetic performance [20]. FDM 3D printing technology has been employed to fabricate melt-cast
explosive. Previous researcher used an independently developed melt-cast explosive 3D printing principal
prototype to prepare TNT/HMX based melt-cast explosives. The results show that 3D printing melt-cast
explosives have more compacting internal structures with the density of 1.65 g/cm3, the compressive
strength of 5.56 MPa, and the detonation velocity of 7143 m/s [21]. Using this method can effectively
avoid the generation of the shrinkage cavity and avert the internal porosity in the process of extrusion
charge. In addition, He et al. prepared a gradient structured HMX/Al composite by using 3D printing
technology, which can control the burning rate by change the component ratio [22]. In a word, FDM
provides an innovative and reliable manufacturing method for explosive and can be regarded as one of
the satisfactory ways to fabricate next-generation explosives with higher safety and better performance.

2. Materials And Method
High quality grade TNT and HMX with a purity of 99.9% were obtained from the Gansu Yin’guang
chemical Industry group company limited, HMX conformed to the quality requirements of Chinese
Military Standards (GJB) and its average particle size is between 120 ~ 160 µm. HLG-50 ball mill was
researched and designed by National special superfine powder engineering research center of China.
Malvern Mastersizer 2000 particle analyzer was used to measure the particle sizes of HMX after grinding.
K6-MPC-NR Huber oil bath was used to provide heat for melting and maintaining temperature of molten
TNT. Brookfield Digital Viscometer was used for measurement of viscosity of the TNT/HMX melts. EAMD-1 3D printer was designed by Nanjing University of Science and Technology.

2.1 Preparation of ultra-fine HMX particles
Two materials were selected for this study, 2,4,6-trinitrotoluence (TNT) and octahdro-1,3,5,7-tetra-nitro1,3,5,7-tetrazocine (HMX). TNT is a nitroaromatic explosive while HMX is classified as nitroamine [23].
TNT has stability in molten condition for most high explosive melt-cast due to its low melting
temperature (80.6 ℃), good stability in molten condition for relatively long periods, high decomposition
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temperature (240 ℃). However, TNT is less powerful, thus, other energetic compounds like HMX is
incorporated into TNT to increase the efficiency of the composition [24].
The dispersion liquid was prepared in a ratio of 10:3:1 of ionized water, ethanol and isobutanol, then fully
stirred and mixed with the raw particles HMX to prepare the suspension slurry. HLG-50 ball mill was used
to grind the suspended slurry [25]. The grinding medium adopts 0.38 mm zirconia beads, and the grinding
rate was set to 1200 rpm. By controlling the grinding time and beads filling ratio, HMX ultrafine particles
with good dispersibility could be obtained after freeze-drying. After grinding, the slurry was freeze-dried,
and the particle size was measured by the Malvern Mastersizer 2000 particle analyzer. The particle size
distribution, shown in Fig. 1, is critical for enabling a smooth fluid inside nozzle. HMX particles with an
average size of 1 µm, 6 µm, 13 µm, and 20 µm were selected. HMX particles were applied to TNT-based
melt-cast explosives.

2.3 Effect of HMX content on viscosity
The particle size and its component ratio have been widely accepted as the vital factors affecting the
viscosity of melts. The mixture of TNT/HMX was placed in the Huber oil bath at 95 ℃ and prepared to
melt. During this time, continuous stirring and ultrasonic vibration are performed to ensure uniform
mixing and remove air bubbles suspended in the molten explosives. Brookfield Digital Viscometer, Model
DV-I was used to measure the viscosity of the melts. The 3D model of rotor is shown in Fig. 2.
Viscosity of various TNT/HMX compositions was measured at 95 ℃, shown in Fig. 3. Figure 3 infers that
with the increasing content of HMX in TNT melt, viscosity increases accordingly. For a molten explosive
with the same viscosity, the larger the particle size, the higher the maximum solid content. Because at the
same solid content, the smaller particle size leads to larger number of particles contained, which reduces
the average distance between particles. A relatively strong network structure is formed between particles,
and the force required to break this structure increases, so the shear stress increases and viscosity
increases. Besides, as the number of particles increases, the total effective volume of the particles
increases, which can be attributed to the surface adsorption effect. A film was formed on surface, which
makes the effective volume larger than the real volume, increasing the displacement resistance. Based on
previous viscosity data, we used viscosity of 7500, 10000, 15000, 20000, 25000 mPa∙s for the following
simulations.

2.4 Simulation of squeeze injection pressure on flow state
The plunger 3D printer extrudes the energetic material from the nozzle by changing the pressure, so the
change of the extrusion pressure has a significant impact on the printing effect. Adjusting the extrusion
pressure to achieve the best printing effect is also the most convenient and commonly used method.
Previous research has shown that the nozzle’s suitable pressure can be obtained by simulation. Yao et al
detailed the influence of direct writing pressure on ink flow process [26]. Aiman Sukindar et al using Finite
Element Analysis (FEA) observed the pressure drop along the liquefier with different nozzle diameter [27].
Proper pressure plays an important role in printing process, combined with actual situation, 80, 90, 100,
110,
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2.5 Simulation of nozzle diameter and melting temperature
on flow state
Another critical element that has a high impact on the 3D printing process is the nozzle diameter. The
nozzle diameter has a direct relationship with the outlet velocity, especially its flowability [28]. The nozzle
with too large diameter will lead to difficult in forming, while with too small diameter may cause nozzle
clogging. In our approach, we used different nozzle diameters ranging from 0.1mm to 0.7mm, this work
was done to determine which diameter of nozzle is optimal for printing.
A great deal of fundamental research relevant to FDM processes has been performed since FDM became
recognized as the most commercialized 3D printing process. The study of printing parameters on
characteristics of the final products is a crucial topic to improve quality [29]. In this paper, the FDM uses
TNT/HMX as raw material and heated to above the melting point of TNT and then dispensed on the plate
layer-by-layer to produce the desired 3D structure. Thus, temperature is also important in printing process.
According to the characteristics of TNT based explosives, we set the fluid temperature to 100 ℃ and
observe the temperature decreasing along the flow channel.

3 Results And Discussion

3.1 Simplified model of nozzle
In order to simulate the temperature distribution of the nozzle shell during printing, the 3D model of the
nozzle was designed in SolidWorks software according to actual measured size, the initial geometry of
the object was constructed and meshed, the total length of nozzle was 14.4 mm, the diameter of inlet
was 4 mm, and that of outlet was 0.58 mm. In addition, to simplify the process and improve accuracy, the
external structure of nozzle was omitted. As shown in Fig. 4 (a) and4 (b).
The flow channel model of nozzle established by SolidWorks software to simulate changes in pressure
and velocity of the internal flow field, as shown in Fig. 4 (c) and 4 (d). The model would be imported into
ICEM CFD software. The inlet, outlet, and wall all defined in ANSYS Mesh component system. The finite
element model would be imported into FLUENT software to carry out fluid analysis.

3.2. Simulation analysis of velocity
3.2.1 Effect of viscosity on velocity
The meshed flow channel model was imported into FLUENT software. The inlet pressure was set to 100
kPa and kept unchanged, meanwhile, the fluid viscosities of 7500 mPa·s, 10000 mPa·s, 15000 mPa·s,
20000 mPa·s and 25000 mPa·s were selected to represent the changes of melt-cast explosive in the flow
channel. The velocity distribution in the flow channel was obtained, and the velocity contour at 25000
mPa∙s is shown in Fig. 5. The velocity of fluid is low on the top and changes sharply where the nozzle
became
thinner and the velocity decreases from the center to the periphery. According to the results of
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speed distribution, it shows that all velocity distribution diagrams only differ in numerical values. In order
to save space, only Fig. 5 is presented here. In addition, it can be noticed from Fig. 5 that the red part has
the highest speed, which also represent the printing speed, so we take this flow velocity for further
analyses.
The effect of viscosity on velocity was measured at 100 kPa pressure and data obtained are presented in
Fig. 6. The velocity of the fluid decreases in a nonlinear relation with the increasing fluid viscosity,
meanwhile, the slope of the curve also decreases. The trend of increase in viscosity with decrease of
velocity can be attributed to the friction of wall. The expression of the fitting curve is as follows:
y = 69.5831x − 0.9835R 2 = 0.999

3.2.2 Effect of pressure on velocity
During printing process, energetic materials are deposited layer by layer. The improvement of item quality
can be implemented by proper parameter setting, among those parameters, extrusion pressure is
particularly important. In this paper, the relationship between extrusion pressure and flow rate was
simulated. The melt-cast explosive viscosity was set to 15000 mPa·s, and the extrusion pressure was set
to 80, 90, 100, 110 and 120 kPa respectively. The expression of the fitting curve is as follows:
y = 0.04769x + 0.0762R 2 = 0.999
It can be seen from the Fig. 7 that as pressure increases, the maximum velocity of fluid in nozzle
increases. In addition, a certain slope is obtained and there is a clearly linear relationship between the
pressure (80–120 kPa) and velocity, which shows that pressure is a very important parameter for
adjustment of print quality.

3.2.3 Effect of nozzle diameter on velocity
In order to investigate the effect of nozzle diameter on velocity, we set the pressure to 100kPa and the
viscosity to 15000 mPa·s. Velocity of fluid was measured at seven different nozzle diameters (0.1, 0.2,
0.3, 0.4, 0.5, 0.6 and 0.7 mm). The function of nozzle diameter and velocity is shown in Fig. 8. It is clear
that as nozzle diameter increases, the velocity increases accordingly. The expression of the fitting curve is
as follows:
y = 8.3516x 1.9635R 2 = 0.999

3.3 Simulation analysis of temperature
3.3.1 The temperature distribution of flow channel
In order to model the heat transfer of fluid, the temperature distribution of nozzle’s channel was
simulated. The fluid viscosity was set to 15000 mPa·s, and the inlet velocity of fluid was set to 40 mm/s,
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As shown in Fig. 9, the inlet and outlet temperatures do not change significantly, but at the bend of the
flow channel, due to narrowing of flow channel suddenly, which results in the reduction of the
temperature. The difference between the highest temperature and the lowest temperature is 2.3 ℃. The
simulation can be applied to check the actual working conditions.

3.3.2 The temperature distribution of nozzle
The nozzle was heated by a constant heating tube and take the top surface of nozzle as heating face.
Once the heat transfer reaches a dynamic equilibrium, there is no heat exchange occurs with the outside,
and the internal temperature remains constant. The steady-state thermal module was selected to
simulate the temperature distribution of nozzle. The material of nozzle is structural steel.
It can be seen from the Fig. 10 that temperature decreases from top to bottom, about 3.4 ℃ difference
between maximum temperature and minimum temperature, as the temperature distribution of the flow
channel above. According to the simulation results, it illustrates that the nozzle with this structure can
effectively avoid the blockage of the material due to the decreasing temperature before extrusion, which
can provide theoretical support for selection of nozzle configuration and heating temperature. In any
case, the minimum temperature of nozzle should be higher than melt point of melt-cast explosive.
As shown in Fig. 11, the nozzle’s temperature gradually decreases from top to bottom and changes
rapidly between point 1 and 2. Because in this position the nozzle diameter is larger than other position
and the area contact with air get bigger, which causes the temperature drop faster than other positions.
However, it can be noticed that all the temperatures are higher than the melting point of TNT.

3.4 3D printing HMX/TNT based explosives
Based on the previous basic research, HMX particle size between 1–15 µm were was fabricated on a bidirectional mill. The raw HMX and milled HMX as shown in Fig. 12. The raw HMX is prismatic and milled
HMX is plate shaped. and the loading of TNT and HMX both restricted to 50% by weight, the nozzle
diameter was 6 mm.
Figure 13 shows the printer is printing a cylinder (φ20×20). OM (OLMPUS BX53) and SEM (Phenom G2
Pro) were used to investigate the surface structure and morphology of products. Detailed informations
are shown in Fig. 14.
Figure 14 shows flow chart of 3D printing HMX/TNT based explosives. As can be seen from the upper left
corner, the products were prepared layer by layer. From the optical micrograph of Fig. 14 (a), the grooves
can be found clearly between layer and layer, and the surface is smooth without scratchers and defects.
Figure 14 (b) shows the SEM images of products (front view) almost every layer was divided into two
parts. The bottom of every layer is tightly filled but at the top part exist many small holes. Because of
during the printing process, the slurry will gradually solidify after being extruded from the nozzle, and the
top parts solidfy faster than bottom due to contact with the air. Moreover, the bottom parts can be
influenced by the extrusion pressure from nozzle and the gravity from the slurry itself, which makes the
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bottom parts more tightly and compact than top parts. Just as the diagram on the top right. When the
slurry layer extuded from the nozzle, the new layer will contact with the previous one. The new layer will
sank and flatten due to the gravity and extrusion force. Moreover, the new layer will transfer heat to
around when it begin solidiy, which can cause the precious layers to melt and solidify again. Figure 14 (c)
shown that there is no obvious hole inside the grain, which proved 3D printing is more satisfactory than
conventional melt-casting ways to prepare high viscocity and unconventional structure explosives.
Figure 15 presented the XRD pattern of HMX/TNT explosives prepared by melt cast and 3D printing, the
sharp characteristic peak of HMX at 2θ = 14.7°, 16.1°, 20.4°, 23.0°, 31.9°, TNT at 2θ = 12.6°, 20.9°, 23.1° all
can be found in melt casted and 3D printed products, which indicated that the raw materials exist in these
two different preparation methods, and that the crystal forms of the HMX and TNT were not influenced by
the melting process.

4 Conclusion
According to the existing literatures and researches [30–32], commonly additive manufacturing methods
for energetic materials are mainly include inkjet printing method and fused deposition modelling method,
and most of the researchers focus on solid rocket propellants. Although there are few reports on the 3D
printing of melt-cast explosives, the studies above have shown that FDM has certain technical
advantages in terms of quality and shaped structure for the preparation of melt-cast explosives.
Moreover, the used methods can only simulate the situation where the fluid viscosity does not change,
and the influence of wall roughness on fluid flow is ignored. The particles may precipitate during the
actual printing process, which may cause nozzle blockage. In addition, according to the current common
simulation methods, CFD coupled with DEM (Discrete Element Method) method may be a better way to
simulate the coordinated movement of particles and fluid. This work can provide some theoretical and
practical support for 3D printing energetic materials.
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Figure 1
The particle size distribution of HMX.
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Figure 2
3D model of the cone-plate rotor.
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Figure 3
Effect of HMX contend and particle size on viscosity of molten TNT/HMX compositions.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
Page 14/25

Figure 4
(a) 3D model of nozzle; (b) nozzle after meshed; (c) 3D model of flow channel; (d) flow channel after
meshed.
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Figure 5
Velocity contour of the flow channel (25000 mPa∙s).
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Figure 6
Velocity as the function of viscosity.
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Figure 7
Velocity as the function of pressure.
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Figure 8
Velocity as the function of nozzle diameter.
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Figure 9
The temperature distribution of flow channel.
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Figure 10
The temperature distribution of nozzle.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
Page 21/25

Figure 11
Temperature change with nozzle position

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
Page 22/25

Figure 12
Raw HMX and milled HMX

Figure 13
The printer is printing the model
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Figure 14
Flow chart of 3D printing HMX/TNT based explosives (a) Optical micrographs of 3D printed sample; SEM
images of 3D printed sample (b)front view (c)sectional view
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Figure 15
XRD pattern of HMX/TNT explosives prepared by melt cast and 3D printing
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