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According to different damage modes, warheads are roughly divided into three types: fragmentation
warheads, shaped charge warheads, and penetrating warheads. Due to limitations in material and
structural manufacturing, traditional manufacturing methods make it difficult to fully utilize the damage
ability of the warhead. Additive manufacturing (AM) technology can fabricate complex structures, with
classified materials composition and customized components, while achieving low cost, high accuracy,
and rapid production of the parts. The maturity of AM technology has brought about a new round of
revolution in the field of warheads. In this paper, we first review the principles, classifications, and
characteristics of different AM technologies. The development trends of AM technologies are pointed out,
including multi-material AM technology, hybrid AM technology, and smart AM technology. From our
survey, PBF, DED, and EBM technologies are mainly used to manufacture warhead damage elements.
FDM and DIW technologies are mainly used to manufacture warhead charges. Then, the research on the
application of AM technology in three types of warhead and warhead charges was reviewed and the
existing problems and progress of AM technologies in each warhead were analyzed. Finally, we sum-
marized the typical applications and look forward to the application prospects of AM technology in the
field of warheads.
© 2025 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

The warhead is a key component in destroying targets, which
plays a "one step at the door" role in the weapon system. According
to types of warhead damage elements, the warhead can be gener-
ally divided into fragmentation, shaped charge, and penetrating
warheads. The main structures and damage mechanisms of the
three types of warheads are shown in Fig. 1. The main structures of
thewarhead include the shell, the charge, the detonation and safety
device, and so on. A large number of high-speed fragments are
formed to attack armored vehicles and personnel targets under the
explosion of high-energy explosives in the fragmentation warhead,
in which the fragments are the main damage elements [1]. The
shaped charge warhead is used to attack armored tank and vehicle
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ce Society

services by Elsevier B.V. on behalf
c-nd/4.0/).
targets, relying on a concentrated and high-speed metal jet that
appears on the axis of the warhead after the explosion of the
grooved explosive. The metal jet striking the target is the main
damage element [2]. The penetrating warhead has usually a thick
shell (high penetration ability) and massive charge (high blast ef-
fect), and the concrete plate is its main target. The penetrating
warhead strikes the target relying on the dual effects of penetration
ability and explosion effect.

The traditional manufacturing processes of fabricating war-
heads include turning, milling, drilling, grinding, cutting, and
boring methods, most of which belong to the "subtractive
manufacturing" (SM) process as the product is fabricated by
removing materials. The materials used in the SM process have
stable mechanical properties, and the research on the lethality
characteristics of the traditional warhead structures fabricated by
SM is relatively mature. However, SM often faces the problems of
cumbersome manufacturing steps, low material utilization, and
large manpower consumption. The emergence and increasing
maturity of additive manufacturing (AM) technology have brought
innovations to the field of warheads. From a patent on light curing
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-
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Acronym meaning

AM Additive Manufacturing
SM Subtractive Manufacturing
ASTM American Society for Testing and Materials
MMAM Multi-Material Additive Manufacturing
TO Topology Optimization
DED Directed Energy Deposition
PBF Powder Bed Fusion
FDM Fused Deposition Modeling
DIW Direct Ink Writing
ME Material Extrusion
MJ Material Jetting
VP Vat Polymerisation
SL Sheet Lamination
SLM Selective Laser Melting
BJ Binder Jetting
EBM Electron Beam Melting
DMLS Direct Metal Laser Sintering
SLS Selective Laser Sintering

LMD Laser Melting Deposition
UV Ultraviol
LOM Laminated Object Modeling
SRM Structural Reactive Material
BCC Body-Centered Cubic
SS316L 316L Stainless Steel
TPMS Three Period Minimum Surface
WHAs Tungsten Heavy Alloys
BMGs Bulk Metallic Glasses
HEAs High Entropy Alloys
SEM Scanning Electron Microscope
EBSD Electron Backscatter Diffraction
XRD X-Ray Diffraction
DSC Differential Scanning Calorimetry
WPU Waterborne Polyurethane
EC Ethyl Cellulose
EFP Explosively Formed Penetrator
MEFP Multiple Explosively Formed Penetrator
DBTT Ductile-to-Brittle Transition Temperature
RMS Reactive Material Structure

Fig. 1. The main structures of three types of warheads and their damage mechanisms to typical targets: (a) Fragmentation warheads; (b) Shaped charge warheads; (c) Penetrating
warheads.
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technology by Hull in 1986, it was not until 2002 that Germany took
the lead in developing the Selective Laser Melting (SLM) equipment
[3]. After more than 30 years of development, AM technology has
ushered in unprecedented prosperity. AM is described as "a tech-
nology inwhich the initial model generated by a three-dimensional
computer-aided design system can be directly manufactured
without process planning", that is, "thin-layer printing, layer-by-
layer overlay" [4]. Compared to the SM process, AM technology is
capable of manufacturing complex structures, and customizing
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products with specific functions and high precision. Moreover, AM
technology has significant advantages in improving component
production efficiency. It does not require any molds during the
manufacturing process, which greatly simplifies the process steps
[5]. These advantages of AM technology provide more possibilities
for improving the lethality characteristics of warheads. For
instance, the special-shaped warhead damage element and charge
structures are expected to change the power distribution of the
warhead and thereby enhance the attack capability. It is reported
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that AM technology has been used to manufacture warheads [6e8].
The author's team initially carried out exploratory research on

the application of AM technology in small-caliber bullets. In the
ballistic test between the 316L AM projectile and traditional pro-
jectiles, the ballistic performance of the AM projectile was about 8%
weaker than that of traditional projectiles, demonstrating the
penetration potential of AM materials [9]. Furthermore, we
completed the structural design and AM of a lightweight projectile
based on topology optimization (TO) theory and the Concept M2
printer and compared the penetration performance of AM solid
projectiles and topological projectiles. The weight of topological
projectiles is about 30% less than that of solid projectiles. In the
comparison of ballistic performance results based on the specific
kinetic energy method, the ballistic performance of topological
projectiles is equivalent to that of solid projectiles [10]. Although
this is a simple application study of TO combined with AM, it
provides a foundation for the engineering design and application of
large-scale AM penetrating warheads. In subsection 3.3, we will
also review the research of the U.S. Air Force Institute of Technology
on using AM and TO methods to manufacture penetrating war-
heads. In fact, given the performance potential of AM materials,
coupled with its unique advantages in manufacturing complex
structures, the idea of TO combined with AM for warhead design
can be continuously improved. So far, no one has tried to integrate
AM functions into TO algorithms from the software level, and there
is no case of tightly integrating AM equipment and TO design
modules from the hardware level. This is still a very open research
field. Not limited to this, the relevant research on the application of
AM technology in typical warheads needs to be reviewed urgently
to clarify the current status, technical problems, and development
direction of the AM technologies applied in the fields of warheads.

In this review, the principles and characteristics of different AM
technologies are first introduced. The development direction of
new AM technologies was pointed out, including multi-material
AM (MMAM) technology, hybrid AM technology, and smart AM
technology. In thewarhead field, Powder Bed Fusion (PBF), Directed
Energy Deposition (DED), and Electron BeamMelting (EBM) are the
main technologies tomanufacture warhead damage elements. Fuse
Deposition Modeling (FDM) and Direct Ink Writing (DIW) tech-
nologies are mainly used to manufacture the warhead charge. Then
the research status of the application of AM technology on frag-
mentation warheads, shaped charge warheads, and penetrating
warheads is systematically elaborated. The research progress of AM
warhead charges is also reviewed from two aspects: new high-
energy and insensitive explosives and high-precision and energy-
customized explosives. Finally, we summarized the application
progress of AM technology in warhead damage elements and
charges and prospected the development of AM technology in
warhead fields.

2. Principles and characteristics of AM technology

2.1. Basic principles of AM technology

According to ISO/ASTM 52900, AM technology is divided into
seven categories: Binder Jetting (BJ), DED, PBF, Material Extrusion
(ME), Material Jetting (MJ), Vat Polymerisation (VP), and Sheet
Lamination (SL) [4]. Their basic principles are as follows.

C Binder Jetting (BJ)

BJ technology selectively prints the binders on the powder bed
to join the powders layer-by-layer to form a green part, as shown in
Fig. 2(a). First, a roller is used to spread the powder material on a
platform, and then the print head deposits a binder on top of the
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powder, which combines with the binder to form a solid layer.
Finally, the platform is gradually lowered based on the layer
thickness and a new layer of powder is laid on top of the previous
layer. This process is repeated to form the final object. It should be
noted that objects printed by the BJ method often need to be
degreased and sintered to increase their density and strength. Since
no heat source is introduced during the BJ process, BJ is suitable for
manufacturing most materials such as metals, polymers, and ce-
ramics. The printing process is also relatively faster because more
nozzles can be added. However, the use of binders makes the BJ
method not always suitable for structural parts, and post-
processing operations such as sintering will significantly increase
the manufacturing time of the product [11].

C Powder Bed Fusion (PBF)

PBF technology usually uses a high-energy laser to selectively
melt specific areas of a powder bed such as metal, ceramic, or
polymer layer by layer to form a 3D model, which is the most
important technology for manufacturing warhead damage ele-
ments. The principle diagram of the PBF is shown in Fig. 2(b). The
main PBF technologies include SLM, Direct Metal Laser Sintering
(DMLS), and Selective Laser Sintering (SLS).

SLM technology can efficiently achieve complex shapes or in-
ternal features. Many metals (titanium alloy, aluminum alloy,
cobalt-chromium alloy stainless steel (SS), etc.) can be manufac-
tured by SLM and the final parts have the same performance as
traditional manufacturing processes. However, SLM also has dis-
advantages such as high cost and extensive post-processing. The
principle of DMLS technology is the same as that of SLM. Two terms
are usually used interchangeably. SLS technology usually uses laser-
sintered polymer powder materials (typically polyamide). The
main difference between SLS and SLM technology is the raw ma-
terials. SLS mainly uses nylon (PA) polymer materials, and SLM is
specifically used formetals. In addition, due to the limitations of the
SLM process and the material weight, SLM requires the addition of
support structures to any overhanging positions, whereas the SLS
can form parts with free shapes without adding supports.

C Directed Energy Deposition (DED)

DED technology describes the process in which the energy
source (laser or electron beam) andmaterial (in the form of powder
or filament) are simultaneously sent to the high-temperature
melting zone and the latter is deposited layer by layer to form
the product, whose schematic is presented in Fig. 2(c). Specially,
when laser is used as the energy source and metal powder is used
as the raw material, it is also called LMD technology. The charac-
teristics of LMD technology are introduced as follows.

(1) Unlike SLM, LMD does not rely on a pressure chamber.
Because the inert gas (usually argon) flows directly from the
laser head and surrounds the powder flow andmelt pool, the
3D printing process can start immediately. In contrast, the
pressure chamber must be filled with inert gas before SLM
printing.

(2) LMD does not require any support structures, which offers
significant advantages over powder bed methods.

(3) Compared with SLM, LMD has a relatively slow cooling rate
and a larger melt pool, resulting in different substructures,
especially element-enriched zones at cell boundaries [20].

Besides, LMD allows the laser head and parts to move more
flexibly and accurately deposit materials anywhere in the build
chamber, which provides the possibility to increase design freedom



Fig. 2. The principle diagram of different AM technologies: (a) BJ technology (adapted from Ref. [11]); (b) PBF technology (adapted from Ref. [12]); (c) DED technology (alternatively
LMD, adapted from Ref. [13]); (d) FDM technology (adapted from Ref. [14]); (e) DIW technology (adapted from Ref. [15]); (f) MJ technology (adapted from Ref. [16]); (g) VP
technology (adapted from Ref. [17]); (h) SL technology (adapted from Ref. [18]); (i) EBM technology (adapted from Ref. [19]).
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and quickly manufacture large parts. However, the LMD process is
not as precise as SLM and often requires more post-processing to
obtain parts that meet the requirements.

C Material Extrusion (ME)

As the name suggests, ME technology produces parts by
extruding materials through a heated nozzle. FDM is the most
common ME process. During the FDM process, thermoplastic fila-
ments are continuously extruded through a heated nozzle, and the
extruded filaments are stacked layer by layer on the building
platform to achieve high-temperature melt printing of thermo-
plastic polymer materials [14]. The principle diagrams of FDM are
illustrated in Fig. 2(d). During the layer-by-layer manufacturing
process, residual stress will accumulate, which will lead to warping
deformation and inter-layer delamination of the parts, seriously
affecting the accuracy and mechanical properties of the parts.

DIW technology is extended from automatic grouting technol-
ogy and is mainly divided into high-viscosity slurry direct writing
and droplet-based inkjet printing. By controlling the shape of the
ink after being accumulated layer by layer, the rheological prop-
erties of the ink are used to realize the printing and manufacturing
of three-dimensional complex structures. After continuous
228
improvement and development, DIW technology has been able to
be used in the manufacture of a variety of gel and polymer mate-
rials. The principle diagrams of DIW are shown in Fig. 2(e).

Both FDM and DIW technologies have the advantages of low
equipment requirements, low manufacturing costs, and a wide
range of raw material applications. FDMmolding speed is slow and
dimensional accuracy is low, making it unsuitable for items with
fine features. Although the molding accuracy of DIW is higher than
that of FDM, the accuracy of the final parts not only depends on the
formula of the ink material, the physical and chemical properties of
the parts, system viscosity, rheological properties but is affected by
direct writing parameters (nozzle diameter, pressure, platform
movement speed, etc.) [21].

C Material Jetting (MJ)

MJ technology is a process of building three-dimensional objects
using a moving inkjet nozzle. It directly injects photopolymer into
the platform in the form of droplets, which solidify and build the
model layer by layer. Fig. 2(f) shows a schematic of the MJ process.
Because materials must be deposited in the form of droplets, the
materials available for MJ are limited, and polymers are the most
suitable and commonly used materials. However, droplet
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deposition also enables the fabrication of objects with high preci-
sion (a resolution of approximately 10e30 mm), and parts can be
manufactured using a variety of materials and colors [16].

C Vat Polymerisation (VP)

VP is a process in which photoreactive polymers are cured by
laser, light, or ultraviolet (UV) light. As each layer solidifies, the
platform moves downward and builds more layers on top of the
previous one, forming the final three-dimensional object. Because
the VP process uses a liquid to form the object, no structural sup-
port is needed when the object is being built. VP's essential pa-
rameters include the exposure period, wavelength, and power
source. VP can effectively produce parts with a high level of accu-
racy and good finish [17]. However, expense and the use of light
resin materials with wires are its main disadvantages. Fig. 2(g)
presents the manufacture of parts during the VP process.

C Sheet Lamination (SL)

SL technology, also known as Laminated Object Modeling
(LOM), can be used to create objects by cutting, sequentially lami-
nating, and bonding. In the SL process, metallic sheets or layers of
plastic coated with adhesive are bonded together through ultra-
sonic welding and shaped by a laser cutter [22]. The three-
dimensional object is finally built through layer-by-layer bonding.
The principle schematic of SL technology can be seen in Fig. 2(h).
Therefore, the strength of an object made by SL is entirely depen-
dent on the binder used, and thematerials used are entirely limited.
However, SL has the advantages of high speed, low cost, and easy
material handling, which makes it widely used.

2.2. New AM technologies and methods

With the development of AM technology, a series of new AM
technologies and methods have gradually emerged, for example,
EBM technology, multi-material AM technology, hybrid AM tech-
nology, and closed-loop intelligent melting technology, which
make AM have more unique capabilities when facing structural
complexity, material complexity, hierarchical complexity and
functional complexity manufacturing demands [23].

C Electron beam melting (EBM)

EBM technology is a type of powder bed technology. As shown
in Fig. 2(i), EBM technology uses high-energy electron beams as the
energy source, the energy density of which exceeds several kilo-
watts. Before printing, the electron beam will quickly scan the
powder layer many times to preheat it. The powder is in a slightly
sintered state without being melted. This is a unique step of EBM,
and the others are the same as SLM technology. In addition, EBM
and SLM technologies are different in terms of molding environ-
ment, pre-heat temperature, powder thickness, and powder size, as
shown in Table 1. Due to the high energy density of the electron
beam, the powder melts quickly and the molding speed is very fast.
Table 1
Comparison of the differences between SLM and EBM technologies [25].

SLM EBM

Energy source Laser Electron beam
Molding environment Inert atmosphere (Ar, N2) Vacuum
Pre-heat temperature/�C Maximum 300 600e1200
Layer thickness/mm 10e100 50e200
Powder size/mm 5e53 45e105
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The high energy density can melt metals with melting points as
high as 3400 �C, which is a good choice for printing the refractory
tungsten alloys commonly used in penetrating warheads. More-
over, the preheating of each layer of powder by the electron beam
can greatly reduce the residual stress of the parts and improve the
quality of the parts. In a word, the main feature of the EBM process
is the rapid production of complex structural parts withmechanical
properties similar to those of heat-treated materials [24]. However,
EBM also has some shortcomings, such as more expensive equip-
ment and rougher surface quality than SLM technology.

C Multi-material AM (MMAM) technology

The specific distribution of multiple materials in a component
can achieve better performance than a single material component.
MMAM technology is an AM technology that prints multiple ma-
terials at the same time, which brings opportunities to achieve high
personalization and functionality of products. Typical MMAM ma-
terial combination types include metal/metal, metal/ceramic,
metal/glass, and metal/polymer. Regardless of the material com-
bination, achieving a void- and crack-free interface and achieving a
strong bond is most critical. So far, MMAM technology is still in its
infancy, and there are still a series of technical issues in interface
strengthening methods, equipment development, thermodynamic
calculations, and powder cross-contamination [26]. But there are
also some gratifying developments, such as Kraken, the world's
largest multi-material hybrid AM system, which can deposit and
manufacture two types of materials (metal and resin) at the same
time [27]. What's important is that Kraken has reached marketi-
zation conditions. MMAM technology will have good application
prospects in warheads. For the penetrating warhead, the re-
quirements for warhead materials are different when penetrating
to different depths. Thus a penetrating warhead with gradient
materials may be a new attempt.

C Hybrid AM technology

From the several AM technologies introduced in subsection 2.1,
it can be found that directly formed parts often require appropriate
machining post-processing tomeet engineering needs. Therefore, a
better solution should be proposed to make the manufacturing of
parts more precise and efficient. Hybrid AM technology is the so-
lution to this need, the purpose of which is to combine the ad-
vantages of AM and SM and minimize the disadvantages of the two
manufacturing methods. Hybrid AM technology has made some
progress since the concept was proposed, especially in commercial
machines. The LASERTEC 65 3D Hybrid was presented by DMG
Mori In 2014, which can build pieces inscribed in a cylindrical space
with a base of 600 mm and a weight of 600 kg [28]. Ibarmia pre-
sented the ZVH 45/1600 machine in 2015, that integrates LMDwith
CNC milling and turning [29]. The OPM series was developed by
Sodick in 2017 and combines SLM and high-speed CNCmilling [28].
The advantages of the hybrid AM process have been demonstrated,
and existing research shows that the efficiency of the hybrid AM
process is significantly higher than that of a single CNC machining
manufacturing process. Of course, the future trend is not just to
simply combine AM and SM processes on the same platform, but
also to incorporate intelligent sensing technology into hybrid AM
systems, moving towards all-round intelligent manufacturing [30].

C Smart AM technology

Smart AM refers to a fully integrated, collaborative AM system
that responds in real-time to support ubiquitous intelligent design,
manufacturing, and service of 3D printed products [31]. Although



Fig. 4. Proportion of typical studies on the application of AM technology in the field of
warheads.
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AM technology has obvious advantages over traditional
manufacturingmethods, with the promotion and application of AM
technology, printing quality problems caused by defects such as
excessive melting and lack of fusion have begun to appear. One of
the fundamental reasons is that the printing parameters remain
unchanged during the printing process and cannot adapt to minor
fluctuations in the environment during the printing process.
Therefore, related research on real-time monitoring and closed-
loop control of laser power, temperature, etc. during the printing
process began to develop. For example, EOS launched Smart Fusion
(closed-loop intelligent fusion technology) in 2023 [32]. Smart
Fusion can automatically adjust laser power by measuring the laser
energy absorbed by the powder bed, effectively solving potential
manufacturing problems. By constantly monitoring the welding
process and collecting real-time data, Smart Fusion can identify and
optimize areas of energy input, reducing defects and enhancing the
overall performance of the part. At the same time, Smart Fusion can
also detect and correct deviations such as powder particle size
distribution, process abnormalities, and powder splash in real time
to achieve high-quality printing. Therefore, intelligent AM systems
are the future development trend of AM technology.

2.3. AM technology in warhead manufacturing

According to the characteristics of the above-mentioned AM
technology and the material properties of the warhead damage
element and charges, the common AM technologies used for
warhead damage elements and charges are summarized in Fig. 3.
Since the warhead damage elements are usually made of metal and
the warhead charges are generally the polymers, PBF, DED, and
EBM are the main technologies to manufacture warhead damage
elements, while FDM and DIW technologies are the main tech-
nology for the warhead charge.

3. Application of AM in warhead damage element

The proportion of typical studies on the application of AM
technology in the field of warheads is illustrated in Fig. 4. The total
number of publications on the application of AM technology in the
field of warheads is 48. We can find that AM technology has been
studied more in fragmentation warheads and penetration war-
heads, accounting for 27.1% and 22.9% respectively. Among frag-
mentation warheads, the controlled fragment is the mainstay,
accounting for 14.6%. These statistical results roughly provide a
glimpse into themainwarhead application types of AM technology.
In addition, we also summarized the main AM materials used in
warhead damage elements. The number of publications using steel
materials (SS316L, 15-5 precipitation hardening (PH) SS, etc.) is 21,
accounting for 70%. The tensile properties of AM SS316L and 15-
5 PH are comparable with the traditional version [33e35], as
illustrated in Table 2. Three publications on the application of
copper alloys (CuSn10 alloy) mainly used in shaped charge war-
heads. Applications of other AM materials are currently still scarce.
Fig. 3. AM technology for warhead manufacturing: (a) AM fo
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3.1. Fragmentation warhead

The fragmentation warhead is mainly divided into natural
fragment, controlled fragment, and preformed fragment warheads,
and its core is to maximize the power effect by adjusting the ma-
terial and structure of the damaged element and the matching
relationship between fragments and charges. Generally speaking,
indicators of effective killing capability include fragment velocity,
fragment mass, fragment scattering density, fragment energy
release, and fragment dispersion angle. The advantages of AM
technology in manufacturing complex structures enable it to
further improve the structural designability of the fragmentation
warhead. AM technology increases the development opportunities
for fragmentation warheads. While improving the above-
mentioned lethality indicators, it can also greatly improve the
manufacturing efficiency of the warhead. It is reported that a
lethality-enhanced munition (LEO) warhead is used on a hyper-
sonic aircraft of the US Orbital ATK Company [39]. The warhead has
a special-shaped structure, and three of the five components are
manufactured using AM technology. The manufacturing cycle has
saved at least one and a half months compared to traditional
processes.

Thirteen publications on the application of AM technology in
fragmentation warheads can be found. For natural fragmentation
warheads, new AM materials can better change the fragmentation
of the natural shell, increasing the fragment scattering density and
the killing capability of the warhead. For the controlled fragmen-
tation warhead, shell grooves are its main form [40]. However, it is
difficult to manufacture complex grooves with specific depths us-
ing traditional methods [41]. AM technology can efficiently
manufacture different forms of shell grooves, thereby better con-
trolling the fragment mass and scattering density and achieving a
controllable fragmentation-killing effect. For the preformed frag-
ment warheads, inert metals (steel and tungsten alloys, etc) are
chosen as the main materials. Given the gradual trend of reactive
r warhead damage element; (b) AM for warhead charge.



Table 2
Comparison of mechanical properties of AM and traditional manufacturing SS316L, 15-5 PH, and CuSn10 materials.

Material Printing direction Yield strength/MPa Tensile strength/MPa Strain at break/% Ref.

SLM SS316L Horizontal 570 720 48 [36]
Vertical 510 610 18

Reference (wrought) e 346 651 47 [37]
SLM 15-5 PH Horizontal 1297 1450 12.53 [34]

Vertical 1100 1467 14.92
Reference (wrought) e 1170 1310 e

SLM CuSn10 e 399 490 19 [38]
Reference (casting) e 360 170 6

Note: '–' means that the corresponding data is not obtained.
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fragments (such as Al/PTFE, W/PTFE, and W/PTFE/Al) replacing
inert fragments [42e45], AM reactive materials can greatly
enhance the energy-release effect of fragments. In short, AM
technology has specific application advantages in different frag-
mentation warheads and has the potential to change the damage
capabilities of the warhead.

3.1.1. Natural fragments
Natural fragments are formed through the rupture of the shells

under the internal explosive loads. Natural shells are usually made
of steel, such as 50SiMnVB steel, ANSI 1045 steel, 40CrMnSiB steel,
etc. Now only three related studies on AM natural fragments have
been reported, both of which involve the fragmentation behavior of
AM steel shells. Amott et al. [46] studied the fracture properties of
SLM SS316L cylinders with and without defects by an expanding
cylinder experiment. Compared with the conventionally wrought
cylinder, the SLM cylinder without defects failed at a 1.5 times
higher strain and produced approximately 1.2 times larger frag-
ment widths, indicating the larger ductility of the SLM cylinder.
This difference in ductility was due to the preferential orientation
of the grains that were generated during the AM process. From the
microscopic results (Fig. 5(a)), the SLM sample is anisotropy, while
the conventional sample is equiaxed. Interestingly, a customized
fragmentation effect of the natural shell was achieved by intro-
ducingmacroscopic defects into the AM shell, as shown in Figs. 5(b)
and 5(c). LeSieur et al. [47] studied the fragmentation characteris-
tics of explosion-driven DMLS 15-5 PH SS cylinders. The deforma-
tion and fragmentation behavior of the DMLS and traditional 15-
5 PH SS cylinders with an outer diameter of 0.737 cmwas compared
and the explosion images at 6.0 ms and 33.0 ms are shown in
Figs. 5(d) and 5(e). DMLS cylinders can endure explosive loadings,
while DMLS cylinder has a relatively smaller shell expansion and
fragmentation performance in comparison to the machined cylin-
der, which may be due to the microstructural formations and de-
fects during the DMLS process. Callahan et al. [48] studied the
crushing performance of AM SS316L spherical shell sections under
explosion loading. The average crushing toughness value of the AM
SS316L spherical shell was calculated to be 174 MPa/m1/2 by using
an energy balance method, which is equivalent to the results of
forging SS304 tested under similar conditions. However, the
average tensile failure strain is 0.27, which is significantly lower
than the 0.38 of forged SS304. The reduction in failure strain is
attributed to the early failure of the surface grooves of the 316L
spherical shell under high-stress conditions. Although relevant
studies are still rare, AM appears to be a reasonable manufacturing
method for high-strain rate applications.

3.1.2. Controlled fragments
Gousman et al. [49] first envisioned fabricating warhead struc-

tures by using direct manufacturing technologies, including an
integral shell having regions of controlled and varied structural
parameters in additively deposited, direct-manufactured layers.
Before the emergence of SLM technology, high-energy beam
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processing technologies (such as laser remelting and surface
modification) were mainly used to fabricate controlled shells. Li
et al. [50] studied the fragmentation angle, density, and perforation
rate of high-energy beam projectiles. The fragmentation angle of
the projectile at 3 m was less than 18� and the penetration rate of
the 2 mm thick Q235 steel plate at 3 m was 80%, indicating a good
fragmentation control effect. Villano et al. [51] compared the
application performance of four processing methods (laser deep
melting, laser drilling, chemical nitriding, and double casings) to
maximize the control capability in the fragments' formation. The
tensile strength of martensitic steel was reduced by 26% and 32%
respectively after using deep laser melting and laser drilling
methods, while the tensile strength of the samples using the
chemical nitriding method was not changed. The impact energy of
the samples obtained by the first three methods was reduced by
29%, 65%, and 28%, respectively. The reduction in tensile strength
and impact energy implies that these samples are expected to
achieve better crushing effects under detonation conditions. It has
been verified that all the solutions performed better than the nat-
ural fragmentation reference in a detonation test. Lu et al. [52] used
laser remelting technology to fabricate a certain type of rocket
bullet shell grooving. The hardness of the shell surface after
remelting was increased by more than 70%, which verified the
feasibility of laser remelting technology for bullet shell grooving.
The influence of laser parameters on the geometric characteristics
and material properties of welds and grooves was also studied. Liu
et al. [53] concluded that the larger the laser power, the larger the
depth of the weld and groove. So the hardness of the weld region
and the brittleness of the material increased significantly, which is
conducive to effective control of fragmentation.

High-energy beam technologies had certain limitations in the
processing of the inner surface of the shell and complex structures.
SLM technology completely breaks through these limitations and
makes the design and manufacturing of controlled shells more
flexible. Guo et al. [54] studied the initial velocity, spatial distri-
bution, and shell expansion radius changes of the SLM-controlled
fragments made of SS316L material under different groove
depths. As the groove depth increased, the shell was easier to fail,
the kinetic energy of the fragments was less and the initial velocity
was also smaller. However, if the groove depth is too small, the shell
fragmentation will be affected. Therefore, SLM is effective in
manufacturing controlled shells with suitable groove depth. It has
been proved that the mass recovery rate of the fragments of the
SLM-controlled shell was larger than that of the traditional shell by
a crushing test. More concepts of controlled fragmentation war-
heads were developed by Lukas et al. [55], as illustrated in Fig. 6(a),
including the reference design, conical straight line design, circular
parabola design, sector convex structure, thin plate shell sector
convex structure, sector concave structure, and thin plate sector
concave structure. These structures change the shape of the
warhead shell and concentrate the dispersion angle of the frag-
ments after the explosion into a circular sector of less than ±20�,
which helps to achieve the fragment-focusing effect of the



Fig. 5. (a) EBSD (top) results give the grain size and optical microscopies (bottom) show the molten pools and annealing twins. Adapted from Ref. [46]; (b) The expansion process of
an SLM cylinder without defects. The longitudinal cracks are visible in the third image. Adapted from Ref. [46]; (c) The expansion and failure process of an SLM cylinder which
included defects seeded during the building process. Shear localization can be seen as striations along the cylinder's length. Adapted from Ref. [46]; (d) Comparison of DMLS steel
cylinder detonation events. Adapted from Ref. [47]; (e) Comparison of DMLS steel cylinder detonation events. Adapted from Ref. [47]; (f) Photographs of the AM SS316L spherical
shell. Adapted from Ref. [48]; (g) Dynamic experimental radiograph acquired 60.12 ms after detonation and the radiograph highlighted region of interest. Adapted from Ref. [48].
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fragmentation warhead. The fan-shaped convex structure was
redesigned by combining two lattice structures of BCC-lattice and
gyroid-lattice, as shown in Fig. 6(b). New structures satisfy mass
symmetry and can be printed by EOS290 and IBM printers. It is
feasible to manufacture the controlled warhead with excellent
fragment dispersion angle and fragmentation effect by the AM
technology.
3.1.3. Preformed fragments
Preformed fragments can have almost 100% control over the

mass, shape, and size of the fragments, which is the most
commonly used form of fragmentation warhead due to minimal
fragmentation [56]. Xue et al. [9,57] studied the mechanical prop-
erties and ballistic performance of SLM SS316L. The average static
yield strength and average tensile strength of longitudinally prin-
ted SLM SS316L were 19.8% and 28.5% lower than traditional cold-
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rolled SS, respectively. The cold-rolled SS also has higher dynamic
compressive strength (see Fig. 7). The ballistic performance of SLM
cylindrical fragments is about 8.8% lower than that of traditional
fragments [9], while the ballistic performance of SLM spherical
fragments is about 2.5% higher than that of traditional cold-rolled
fragments [57]. Lewis et al. [58] studied the mechanical proper-
ties of AM aluminum reactive materials by using BJ technology,
verifying the feasibility of AM aluminum reactive materials as
warhead fragments. BJ technology is a process of selectively adding
a liquid binder to a powder material to make it deposit, and more
introductions can be seen in Ref. [59]. The pure aluminum samples
with a certain strength and a porosity of up to 47%, the samples
with Al/Si composition, and the pure aluminum samples with the
addition of wax and polyurea were printed in the ExOne M-Lab
printer, as shown in Fig. 8. The addition of silicon greatly reduced
the melting point of the powder, which improved the strength and



Fig. 6. (a) Seven controlled warhead shell concepts; (b) Two types of sector convex structures with two types of lattices satisfying the mass symmetry of warhead shells.
Adapted from Ref. [55].

Fig. 7. The dynamic compression properties of (a) AM SS316L and (b) CR SS316L materials. Adapted from Ref. [9].
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density of the samples. The pure aluminum samples with the
addition of wax and polyurea exhibited good robustness under
dynamic loading, despite having lower strength compared to pure
metal reactive materials.

3.2. Shaped charge warhead

The liner is the damaged element of the shaped chargewarhead,
which is usually made of red copper, bronze alloy, high-density
tantalum-tungsten alloy, and depleted uranium alloy. The
manufacturing process of the traditional liner includes mechanical
cutting, casting, electrochemical, powder metallurgy, hot forming,
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and cold working. In the actual processing process, due to the de-
viation in the size of liners and the structural asymmetry caused by
the assembly, it is easy to weaken its energy concentration. AM
technology makes it possible to design and manufacture high-
precision and high-energy liners. Many studies on the application
of AM in shaped charge liners have emerged, which mainly involve
different materials (SS, CuSn10, etc.) and structures (solid, hollow,
honeycomb, etc.). The penetration depth of the AM liners is
significantly improved compared with the traditional liners. As we
all know, the mechanical properties (density, strength, ductility,
etc.) of the liner materials determine its penetration performance
to a certain extent. However, existing research has not conducted



Fig. 8. (a) ExOne M-Lab 3D Printer; (b) Printed pure aluminum cylinder specimen; (c) Printed cylinder specimen with AleSn composition sintered at 580 �C for 2 h; (d) Printed pure
aluminum specimen with the addition of wax and polyurea composition.
Adapted with permission. Copyright 2018, Naval Postgraduate School publishing [58].
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detailed studies on themechanical properties of AM linermaterials.
Thus the development of new AM liner materials is a direction in
the future. In addition, the explosion-driven stability of the
complex-structured liners is a key issue that should be paid
attention to in the early stage of structural design to prevent the
molding difficulty of the liners due to structural asymmetry. The
relevant research on AM liners is listed in Table 3.

Mulligan et al. [60] studied the penetration performance of the
conical-shaped liner printed by the SLM technology. Compared
with traditional machined liners, the average penetration depth of
the SLM liners was about 0.27 cm smaller than that of themachined
liners. The penetration hole diameter of SLM liners for the multi-
layer plates was larger than that of machined liners, as shown in
Fig. 9(a). Agu et al. [61] studied the jet formation and elongation
mechanism of SLS liners under a high strain rate. In contrast with
the machined liner, unique precipitates were observed in the
microstructure of the ending (slug) of the SLS liner, as shown in
Fig. 9(b). The precipitates are likely compounds of Cr and Zr com-
pounds, which indicates that extremely high strain deformation
occurred during the formation process of the slug.

Ho et al. [62] studied the penetration ability of different struc-
tural liners printed by the SLM technology. The design and
manufacturing process of liners is shown in Fig. 10(a). The stiffness
and mass of the honeycomb liner can be changed by changing the
wall spacing (d1) and cell spacing (d0) of the honeycomb structure,
which is demonstrated in Fig. 10(b). In the penetration test, the
hollow liner produced a maximum jet velocity of 4.2 km/s and
completely penetrated the 4-layer 6.35mm thick plates, while solid
and honeycomb liners had poor penetration performance due to
the higher mass and stiffness anisotropy, respectively.

Liu et al. [63] prepared SS316L liners with SLM technology in
both vertical and lateral growth directions. The basic properties of
vertical and lateral-grown SS316L samples are shown in Table 4. It
Table 3
Research on the application of AM technology in shaped charge warheads.

Number Year (Country) Technology Liner materi

1 2019 (USA) SLM 304L SS
2 2019 (UK) SLS CuCrZr
3 2020 (USA) SLM 304L SS
4 2020 (China) SLM 316L SS
5 2021 (China) SLM 316L SS
6 2020 (China) SLM CuSn10
7 2021 (China) SLM CuSn10
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can be concluded that the tensile strength of vertical SS316L is
lower than that of lateral SS316L, but the elongation of vertical
SS316L is higher. The forming condition of the vertically grown liner
was better than that of the horizontally grown liner under the
detonation pressure, as illustrated in Figs. 11(a) and 11(b). The
penetration depth of the vertically grown liner was 21.1% higher
than that of the horizontal growth at 25 times the detonation
height due to the anisotropy of the AM parts. In addition, the SLM
liner at 200 times the detonation height could achieve stable flight.
Based on this, Song et al. [64] studied the EFP damage element
forming and lethality characteristics of the 316L SS shell-cover in-
tegrated circumferential MEFP warheads manufactured by SLM
technology. The overall dimensions of the MEFP warhead are F116
mm� 172mm, as shown in Fig.11(c). After the static explosion test,
the AM 316L SS shell can form independentMEFP damage elements
with a velocity of 1848e2112 m/s, which can penetrate a 10 mm
thick A3 steel plate with a perforation diameter of 25e30 mm.
Fig. 11(d) compares the flight attitude of AM 316L SS and copper
material EFPs 50 ms after detonation. It can be observed that the EFP
length of the former is significantly smaller than that of the latter at
the same time and the head of the 316L SS EFP shows a breakage
phenomenon, which is caused by the poor dynamic plasticity of the
AM 316L SS materials. Guo et al. [65] studied the penetration per-
formance of AM liners. The ballistic test results showed that the AM
CuSn10 bronze liner can be used under high stress and strain
conditions, and its penetration depth was 18.9% larger than that of
the traditional copper liners. Sun et al. [66] also studied the
microstructure and penetration performance of the CuSn10 liners
made by SLM technology. The grain size of the SLM liner was
observed to be smaller (around 15e50 mm) than themachined liner
(200e600 mm) due to the rapid heating and cooling rate during the
SLM process, as shown in Fig. 12, which contributed to improved jet
performance. The penetration depth of the SLM liners was around
al Liner structure Ref.

Conical-shaped [60]
Conical-shaped [61]
Solid, hollow, and internal honeycomb structures [62]
Vertical and lateral printed conical-shaped [63]
Circumferential EFP [64]
Conical-shaped [65]
Conical-shaped [66]



Fig. 9. (a) Comparison of average penetration hole diameters for machined and SLM liners. Adapted with permission. Copyright 2019, Proceedings of the 2019 Hypervelocity Impact
Symposium publishing [60]; (b) Comparison of the microstructure of machined and SLS liner by explosive detonation. Adapted with permission. Copyright 2019, Springer Pub-
lishing [61].

Fig. 10. (a) Design route of SLM liner; (b) Dependence of the conical liner mass on honeycomb parameters; (c) Images of impact craters from the first two layers using hollow,
honeycomb, and solid liners.
Adapted from Ref. [62].

Table 4
The basic properties of vertical and lateral grown SS316L samples [63].

Printing direction Density/(g$cm�3) Tensile strength/MPa Elongation/%

Vertical printing 7.93 660 38
Lateral printing 7.92 734 29

H. Xue, Q. Zhou, C. Xiao et al. Defence Technology 43 (2025) 225e251

235
27% larger than that formed by the traditional cast CuSn10 liners in
the penetration test.
3.3. Penetrating warhead

Penetrating warhead design has to deal with two contradictory



Fig. 11. Flight attitude and penetration results of vertically printed (a) and horizontally printed (b) liners. Adapted from Ref. [63]; (c) Structure of AMMEFP warhead; (d) Comparison
of the flight attitude of 316L SS and copper EFP after 50 ms detonation.

Fig. 12. Microstructure and penetration capability of turned liner and SLM liner by Sun et al. Adapted from Ref. [66].
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goals: high penetration ability and high blast effect. On the one
236
hand, high penetration capabilities often require the use of shells



Table 5
Typical research on laser AM WHAs.

Composition Method Density/(g$cm�3) Mechanical properties Existing problems Ref.

90We7Nie3Fe DED e 650 MPa (0.2 YS); 5.2% (elongation) Poor plasticity and high porosity [68]
50WeNieFe LMD 12.8 737 MPa (0.2 YS) e [69]
75WeNieFe LMD 15.9 956 MPa (0.2 YS) e [69]
90We7Nie3Fe LMD ＞17.0 e e [70]
90We7Nie3Fe LMD 17.0 ± 0.24 822 ± 30 MPa (0.2 YS) e [71]
90We7Nie3Fe SLM Full densification 1121 MPa (0.2 YS); ＜1% (elongation) Poor elongation [72]
70We18Nie6Fee6Co SLM 16.3 7%e9.5% (elongation) e [73]

*Note: The "0.2 YS" means the "0.2% yield strength", and "-" indicates that the study does not give corresponding information.
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with high density, high strength, and a certain degree of plasticity.
On the other hand, high explosive effects require the filling of more
explosives while ensuring penetration capabilities. We roughly
summarize the new penetration materials manufactured by AM
technology, which can be used in penetrating warhead shells. For
the latter, related research on lattice penetrators based on AM
technology and TO methods has been also widely reported.

3.3.1. New penetrating materials
The WHAs are considered ideal materials for penetrating

warhead shells and are the most commonly used materials. Since
tungsten itself has a high ductile-to-brittle transition temperature
(DBTT) (�200e400 �C), microcracks and brittleness have always
been problems that prevent successful printing of WHAs. Research
on using laser AM technology to print WHAs with WeNieFe
composition is summarized in Table 5. It can be seen that the low
plasticity is the main problem. Although many methods such as
alloying, scanning strategy adjustment, remelting, and substrate
heating have been used to mitigate cracks [67], this is still difficult
at present. Therefore, most studies still focus on the static
Fig. 13. The idea of AM combined with the TO method to m
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mechanical properties of AM WHAs. There is no doubt that AM
WHAs that can be applied to penetrating warheads still face great
challenges.

Amorphous alloys, also known as metallic glass, are liquid su-
perheated melts formed in the process of rapid cooling. Their liquid
structural characteristics are retained and have many characteris-
tics of metals and glasses simultaneously. Adiabatic shear self-
sharpening of bulk metallic glasses (BMGs) was first found in zir-
conium alloys with a density of about 6.7 g/cm3 [74,75], yet it was
ineffective for penetrating materials due to the lower density.
Therefore, the combination of BMGswith high-densitymetals, such
as tungsten fiber and carbon steel fiber, could achieve ideal density
and deformation effects. It has been reported that the density of
tungsten zirconium-based bulk metallic glass could reach 17.1 g/
cm3 [76], exhibiting obvious self-sharpening behavior during the
penetration process. Various methods such as PBF [77,78] and DED
have been used to manufacture AM metallic glasses.

The multi-principal HEAs proposed by Yeh [79] broke through
the traditional alloy design concept. The HEA is a kind of alloy with
high mixing entropy formed by alloying more than five elements
anufacture lattice penetrator. Adapted from Ref. [88].



Fig. 14. Lattice penetrator as conceived by Richards. Adapted from Ref. [87].

Fig. 15. (a) The TO result of the scaled model of GBU-28; (b) Physical pictures of unoptimi
Adapted from Ref. [89].

Fig. 16. (a) Location determination of the four load steps applied to the penetrator during m
2D model reshaping.
Adapted from Ref. [90].
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according to the equiatomic ratio or near equiatomic ratio. HEAs
have excellent properties such as high strength, high hardness, high
wear resistance, high oxidation resistance, and high corrosion
resistance. It has been found that HEAs, such as the HfNbZrTi and
WFeNiMo, have unique advantages in the ballistic application
[76,80e82] due to the severely local adiabatic deformation ability
and high shear sensitivity. The LMD and SLM technologies are
mainly adopted to manufacture HEAs [83]. Zhang et al. [84] pub-
lished the first research on AM CoCrCuFeNi HEAs in 2011. Since
2018, a large number of studies on HEAs manufactured by SLM
technology have appeared. Brif et al. [85] studied the
manufacturing process of HEAs by SLM technology using gas-
atomized pre-alloyed powders. An equiatomic CoCrFeNi HEA with
a strength of 745MPa and a ductility of 32%was fabricated. The SLM
CoCrFeNi HEA reported by Kuzminova et al. [86] had twice the yield
strength of conventional hot-rolled samples in the range of
150 �Ce300 �C.
zed and optimized warheads and their compression loading-displacement curves.

ulti-case TO simulation; (b) Simulation results of multi-case TO and the structure after



Fig. 17. (a) The impact test results of the ribbed design warhead; (b) The impact test
results of the waisted design warhead; (c) The impact test results of the control design
warhead.
Adapted from Ref. [91].
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3.3.2. Lattice penetrator

3.3.2.1. Concepts and ideas. The traditional penetrating warhead
often has a thick shell to ensure enough strength. Through the
projectile structure optimization, the thick shell can be thinned and
the shell strength can be improved. The thin shell can increase the
amount of explosives when the volume of the warhead is constant,
which can achieve a better fragmentation effect. Since structurally
optimized projectiles usually have a lattice structure, they are
called lattice penetrators. The research ideas of the lattice pene-
trator are shown in Fig. 13. It is divided into six steps, in which the
TO method plays an important role during the design process. The
conceptualization of an AM lattice penetrator was first proposed by
Richards et al. [87] in 2015. A lattice penetrator was designed by
using the single subcase TO method and the overall strength of the
penetrator was expected to be increased by filling the space inside
the warhead with a lattice structure, as shown in Fig. 14.

3.3.2.2. Test verification of lattice warhead. Different types of lattice
Fig. 18. (a) Visualization of four critical time conditions in the simulation; (b) The boundary
red represents fully dense elements and the blue represents void space; (d) Final optimize
Adapted from Ref. [88].
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warheads have been designed based on the TO method. Jing et al.
[89] proposed a lattice structure TO method using the diameter of
the rod unit in the lattice structure as the design variable. Taking
the scaled model of GBU-28 as an example, the TO result was ob-
tained in Fig. 15(a). The optimized warhead has a thinner shell,
which can make the warhead produce smaller fragments after
penetrating the target. The unoptimized and optimized warheads
(made of Tie6Ale4V material) were printed by SLM technology.
The masses of the two are 80.9 g and 81.7 g respectively, with a
difference of only 0.98%, but the optimized warhead wall thickness
is reduced by 37.5%. The compression test results also showed that
the stiffness of the optimized warhead increased by 5.3%, as shown
in Fig. 15(b). Although a direct ballistic impact test has not yet been
carried out, existing research has shown the potential of optimized
warheads in a penetration event.

Researchers from the U.S. Air Force Institute of Technology have
conducted numerous works by combining the TO method and AM
technology. They adopted 15-5 PH SS for preliminary experimental
verification due to thematurity of AM technology inmanufacturing
steel materials. Graves et al. [90] conducted the multi-case TO
simulation. The acceleration changes of the warhead nodes at
different times were determined through the explicit dynamics
simulation of the warhead penetrating the concrete target and four
load steps were also determined after obtaining four positions on
the warhead with large force change. The final warhead structure
was obtained in Fig. 16(b). Graves et al. [91] reshaped this structure
by symmetrical rotation operation and obtained two types of 3D
warhead models. One was the "waisted" design, which adopted a
thickened wall design at the contact between the thin wall and the
internal lattice, contributing to resisting the bending loads in the
penetration process. However, there may be a stress concentration
phenomenon in the transition zone between the thick wall and the
thinwall. The other was a "ribbed" design that eliminated the thick-
walled area at the contact and replaced the warhead area with a
solid. Two types of lattice penetrators were manufactured by using
DMLS technology. The penetrating warhead without the lattice
structure inside the shell was printed as a control group. Three
structural penetrators penetrated the concrete target with the
same initial velocity. The results showed that the penetrators of the
control design and the "ribbed" design survived in both vertical
penetration and oblique penetration (20� inclination) conditions.
Although the penetration depth of the "ribbed" design was about
10% lower than that of the control warhead, two types of pene-
trators remained intact. The "waisted" design warhead broke
conditions for the four different critical time steps; (c) The TO density plot result. The
d structure after the model remodeling.
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somewhere in themiddle due to the sharp change of stiffness in the
transition zone between thick and thin walls, as illustrated in
Fig. 17. Graves's research results showed that the penetrating
warhead structure can be designed to meet the printing re-
quirements by the TO method combined with the corresponding
engineering conditions.

Moreover, whether AM lattice penetrators with a thinner shell
could survive an impact that contained multiple targets became a
research interest of the US Air Force. Provchy et al. [88,92] devel-
oped a method of designing an optimized system that is capable of
interacting with a multi-layered target. The coordinated accelera-
tion response of the nose and tail of the penetrators allows critical
time steps to be chosen based on the maximum average accelera-
tion of the penetrators as a whole. Four critical time steps with the
corresponding forces and boundary conditions were identified and
used to imply amulti-case TO, as shown in Figs. 18(a) and 18(b). The
optimization contour and model reshaping results were obtained,
as shown in Figs. 18(c) and 18(d). Based on the work of Provchy
et al., Patel et al. [93] studied the impact of hybrid material pene-
trators on multi-layer concrete targets. By improving the weighted
compliance method in TO simulation [94], the method for devel-
oping AM lattice penetrators for specific target sets was extended,
and the lethality of the hybrid penetrators was also improved while
maintaining the stiffness of the penetrator during the perforation
process. A hybrid material penetrator was obtained, including a
thin steel shell and a topologically optimized aluminum internal
structure, as shown in Fig. 19(a). It is worth mentioning that the
material inside and outside the warhead can be customized for
Fig. 19. (a) The final optimized design; (b) A snapshot of the penetrator penetrating the tar
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different targets. Finally, the live fire testing for the hybrid material
penetrators was performed. It was ultimately found that the nose of
the penetrator fails catastrophically as in Fig. 19(b), while the insert
can be seen surviving at the midpoint of the penetrator.

For the composite penetrators in Fig. 19(a), Beard et al. [95]
studied the influence of alternative materials for the composite
penetrator casings on penetration capabilities in 2020. Steel,
tungsten, and silicon-carbide-reinforced aluminum were used as
the outer and inner shell materials of the sandwich construction.
The corematerial was created using AMof Inconel 718with a three-
period minimum surface (TPMS) [96] to provide the penetrator
shell with high stiffness and strength while reducing the materials.
Hereafter, the penetration performance of composite penetrators
for different types of target plates (steel, aluminum, and concrete)
was numerically investigated. This study explored whether a
completely new penetrator configuration could match or exceed
the performance of an SS penetrator with a similar size and shape.
Limido et al. [97] also studied the potential of penetrators with
lattice structures to penetrate concrete targets. Their purpose was
to design penetrators with lattice structures and to ensure good
mechanical strength (survivability) and penetration performance
while reducing the weight of the warhead. By conducting
compression tests on the 'diamond' and 'octet' truss structures, the
'octet' structure with greater yield strength was selected to be
inserted into the warhead. The reference and lattice structure
warheads were manufactured and shown in Fig. 20, which were
made of 17-4 PH SS materials. The weight of the warhead with a
lattice structure was about 15% lighter than that of the reference
get and the recovered penetrator after the live fire testing. Adapted from Refs. [93,94].



Fig. 20. (a) Two lattice structures and their compression stress-strain curves; (b) Two structural penetrators (lattice and reference penetrator) by Limido et al. and the recovered
penetrators at 350 m/s and 700 m/s velocities.
Adapted from Ref. [97].
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solid warhead. When penetrating the concrete target at 350 m/s,
the complete warhead was recovered. The warhead after pene-
trating the target plate failed until the increasing velocity reached
700 m/s.
Fig. 21. (a) Design space for TO; (b) Cross-sectional structure after TO simulation, and the
Adapted from Ref. [98].
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3.3.2.3. Reactive material-filled lattice warhead. With the avail-
ability of manufacturable lattice penetrator structures, survivability
in impact events has been confirmed bymost studies. A new idea is
to fill the interior of the lattice penetrator with reactive explosives
green part is the retained structure and the red part is the removal part.



H. Xue, Q. Zhou, C. Xiao et al. Defence Technology 43 (2025) 225e251
to further improve its impact resistance and energy capacity. Kim
et al. [98] developed a design optimization method for the reactive
material structure (RMS) and performed the TO of the RMS of the
penetrating warhead (see Fig. 21(a)). A finite element method for
penetration analysis was used to evaluate the impact resistance of
the warhead structure, and the simulation results were verified by
comparison with experimental results. On this basis, the TO
method was introduced to determine the shape of the structure,
and finally, the cross-sectional structure of the RMS was obtained,
as shown in Fig. 21(b). However, the actual performances of the
optimum design are not investigated through experiments in the
study.
4. Application of AM in warhead charge

The traditional manufacturing methods of warhead charges
include cast-cure, melt-cast, and press powders methods. All three
methods have their disadvantages. The cast-cure method may
cause problems such as ingredient settlement, poor bonding be-
tween the casting material and the shell, and shrinkage cracking
during the manufacturing process. In addition to the problem of
shrinkage and cracking, the melt-casting method may also cause
irreversible volume growth of the explosive and poor accuracy.
Although the press powders method does not have the above
shortcomings, it is not suitable for large-size charges and ammu-
nition molding with complex internal channels. Therefore, AM
technology is expected to realize themolding andmanufacturing of
high-precision, large-size, and complex charges for warheads. AM
technology mainly changes warhead charges in terms of materials
and structures. On the one hand, AM technology can efficiently
adjust the explosive formula and fundamentally achieve high en-
ergy of explosives. On the other hand, AM technology can precisely
control the structure of the explosives to change the detonation
effect. Therefore, energy-customized AM explosives will be a
Fig. 22. (a) The FDM printer made by Xiao et al.; (b) The printing process of TNT/nano
Microstructure of fracture surfaces of printed and traditional explosive samples.
Adapted from Refs. [99,100].
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research direction with great potential and the relevant progress is
introduced as follows.
4.1. New high-energy and insensitive explosives

High energy and low sensitivity are the eternal pursuit of ex-
plosives. Traditional explosives have experienced three generations
of development: nitroglycerin, TNT-based, and RDX-based, and are
currently developing towards the fourth-generation explosive CL-
20. As the generation of explosives increases, the energy becomes
higher and higher, and the cost becomes relatively higher. Re-
searchers began to try to use AM technology to create lower-cost
high-energy explosives. At present, most studies have shown that
the performance of AM explosives reached or exceeded that of
traditionally manufactured explosives, although no engineering
application has been found yet.

Xiao et al. [99,100] prepared a TNT/nano HMX melt-cast
explosive grain (420 mm � 20 mm) composed of 60 wt% TNT and
40 wt% superfine HMX by using an FDM 3D printer, as shown in
Fig. 22. The printed grains reached 98.6% of the theoretical density,
and the compressive strength and tensile strength of grains were
87.5% and 66.7% higher than the traditional cast ones, respectively.
Besides, the microstructures of top and side views demonstrate the
anisotropy of the printed grains. The fracture surface of printed
grains was smooth and dense and the superfine HMX particles
were uniformly mixed with TNT without any defects, while many
holes can be observed inside the cast grains, which greatly reduces
the density and mechanical properties of the grains, as shown in
Figs. 22(c) and 22(d). Zong et al. [101] successfully designed and
fabricated a ring-structured TNT/HMX-based explosive grain with
an FDM 3D printer. The printing process and microstructures of the
grain are presented in Fig. 23(a), from which a dense microstruc-
ture for the printed grain can be observed. Ruz-Nuglo et al. [102]
printed different types of simulated polymer-bonded explosives,
HMX melt-cast explosive grain; (c) The top and side views of printed samples; (d)
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Sylgard®, tetrafluoroethylene, hexafluoropropylene, and vinyli-
dene fluoride (THV) polymer inks by the DIW technology. The free-
standing films and structures with particle loadings up to 85 wt%
could be achieved using the appropriate inks, making DIW prom-
ising for AM of polymer-bonded reactants. Zhang et al. [103]
designed a CL-20-based explosive ink, and the smooth explosive
film was prepared using the micro-jet DIW technology, with a
critical diameter of 0.153 mm and an average detonation velocity of
8090 m/s.

An's team at the North University of China has carried out
extensive work on using AM technology to fabricate high-energy
explosives. An et al. [105] prepared a CL-20-based composite with
a high density and low impact sensitivity by using DIW technology.
Its critical detonation size was around 0.4 mm, which contributed
to the detonation at the micro level to a certain degree. Hereafter,
An et al. [106] obtained CL-20-based composite by using the
method of preparing the emulson, combined DIW technology load
explosive ink in the condition of micro size. It had fewer internal
defects and reduced impact sensitivity after testing. Its critical size
of detonation and the detonation velocity were around 0.17 mm
and 8079 m/s, respectively. A 3,4-dinitrofurazanofuroxan (DNTF)
based composite with nitrocotton (NC) and Viton as binders was
prepared [107]. The composite had spheroidal particles with sizes
ranging from 1 mm to 2 mmand it had a lower impact sensitivity and
Fig. 23. (a) Flow chart of 3D printed ring-structured TNT/HMX-based explosive grain and t
images of the surface and cross-section of CL-20-based composite, and photographs of CL-
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higher thermal stability compared with raw DNTF. Additionally, the
composites also exhibited excellent detonation properties, whose
critical size of the detonation was around 0.01 mm and the average
detonation velocity was 8580 m/s at the charging width of 1 mm.
An' team [104] designed a new type of UV-curing explosive ink
formulation using unsaturated polyester as the binder, styrene as
the active monomer, 2,4,6-trimethylbenzoyl-diphenylphosphine
oxide as photoinitiator, CL-20 as the main explosive. The micro-
structure, safety performance, and explosive transfer performance
of the explosive ink molded samples were tested and analyzed. The
results showed that the composite materials have a fast curing
molding speed. The surface of the explosive ink molded sample is
smooth and flat, but some holes can be observed under higher
magnification (Fig. 23(b)), which is caused by the numerous ther-
mal radiation of the general ultraviolet light source. The CL-20
particles are uniformly distributed and are connected by a binder
to form a honeycomb structure, which is conducive to the propa-
gation of detonation waves under micro-size conditions. The
characteristics drop height of the molded sample reached 39.8 cm
(about 3 times higher than the raw material), indicating higher
safety. The detonation velocity of the molded sample is 7129 m/s at
a density of 1.612 g/cm3, exhibiting a good detonation performance
under micro-size conditions.
he microstructure of samples at different positions. Adapted from Ref. [101]; (b) SEM
20-based composite before and after detonation. Adapted from Ref. [104].
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4.2. High-precision and energy-customized explosives

The ability to precisely change the structure of explosives is a
unique advantage of AM technology, which is expected to enable
the customization of explosive energy. New structures of explo-
sives, such as internal hollow structures, gradient structures, and
honeycomb structures, have been reported in numerous literatures.
Existing research shows that related work is still theoretical and
laboratory-level preparation.
4.2.1. Internal hollow structures
Los Alamos scientists have theoretically demonstrated how to

control the behavior of explosives by manipulating their micro-
structure [108]. In a proof-of-concept simulation test, a cylinder
composed of a high explosive (HE)material with varying radial void
density was impacted. The higher the void density, the faster the
shockwave propagates. Finally, their control of the detonation front
showed a clear sinusoidal shape, as shown in Fig. 24(a), confirming
Fig. 24. (a) Los Alamos scientists' concept simulation test. Adapted from Ref. [108]; (b) D
structure and surface scan of a printed lattice. Adapted from Ref. [109].
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a new level of control. AM technology can precisely control the
hollow structure inside the explosive and customize the detonation
effect of the explosive.

Brown et al. [109] proposed switchable HEs as a new class of
energetic material. They create a HE lattice composed of the 73 wt%
octahedron-1,3,5,7-tetranitro-1,3,5,7-tetrazine (HMX)-based AMX
7301 ink formulation by utilizing AM technology. The HE lattices
can only be detonated after being filled with a mechanically acti-
vating fluid, otherwise, it cannot be detonated. By analyzing the
detonation velocity and Gurney energy of HEs, Brown et al. evalu-
ated the performance of fluid-filled AM HE lattices. The Gurney
energy of the unfilled lattice was 98% lower than that of the
equivalent water-filled lattice. Moreover, by changing the me-
chanical properties of the fluid, the Gurney energy and detonation
velocity of the explosive can be adjusted by 8.5% and 13.4%. This
study attributes the switching capabilities of HEs to critical diam-
eter effects, as illustrated in Fig. 24(b). Fig. 24(c) shows the
computer-generated model of the AM HE structure and surface
etonative switching effects in HE lattices; (c) Computer-generated model of AM HE



Fig. 25. (a) 3 a.m. TATB/CL-20 composite charge structures (the axial, radial, and axial/radial composite structure). Adapted from Ref. [111]; (b) Schematic illustration of the AM
process for CL-20 composites; (c) AM periodic structure; (d) Burning snapshots of AM CL-20 composites (CL-20 85 wt%) with 0.08 mm diameter. The frame rate was 2000 frames
per second. Adapted from Ref. [112]; (e) The printing process diagram of gradient structure lines; (f) The combustion process of gradient-structured HMX/Al cylinder. Adapted with
permission. Copyright 2021, ELSEVIER publishing [113].
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scan of a printed lattice used in Brown's study. Schmalzer et al. [110]
use AM technology to intentionally introduce precise internal
structures at nearly the mesoscale of explosives, thereby control-
ling detonation behavior by manipulating complex shock wave
interactions. They demonstrated a method to control the
245
directional propagation of reactive flow through the control of the
structure of HEs, which implies that AM technology is of great
significance for controlling the detonation behavior of HEs.
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4.2.2. Gradient structures
Huang et al. [111] determined the best process parameters

(binder content of 20%, the printing speed of 3 mm s�1, and the
needle diameter of 0.25 mm) for printing the TATB/CL-20 com-
posite structure. Three composite structures are printed (Fig. 25).
The safety order of the three structures from high to low is the
axial/radial composite structure, the axial structure, and the radial
structure. The characteristic drop height of the axial/radial com-
posite structure can reach 72.00 cm. Wang et al. [112] designed and
printed a 3D printing ink based on CL-20/HTPB. The schematic
illustration of the 3D printing process of CL-20 composites and the
printed periodic structure are shown in Figs. 25(b) and 25(c),
respectively. The smaller CL-20/HTPB filament has a higher com-
bustion velocity. The burning velocity of the composites with
0.08 mm diameter reached 164.6 mm/s, which validated the po-
tential of AM complex structures with high combustion perfor-
mance. He et al. [113] designed and prepared the HMX/Al
composites with gradient structures using well-dispersed HMX/Al-
based inks by AM technology. The preparation process of com-
posites is shown in Fig. 25(e). For gradient-structured HMX/Al, the
Fig. 26. (a) Preparation process of gradient structured RDX/Al composite; (b) Optical imag
images of the side and upper surface of the Al (30 wt%) cylinder; (feh) SEM and EDS imag
Adapted with permission. Copyright 2021, Springer Publishing [114].
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burning rate could be controlled by varying the component ratio
and the burning rate of each component in the gradient structure
was higher than that of the ordinary HMX/Al composition. Fig. 25(f)
shows the combustion process of gradient structured HMX/Al cyl-
inder. The monitoring results of the pressure output gradient
evolution of the laser-ignited gradient structure HMX/Al cylinder
demonstrated that the gradient structure can effectively adjust the
combustion performance and energy output of HMX/Al. In addi-
tion, Wang's team [114] explored the methods of reducing the
vulnerability of explosives by adjusting the structure of explosives.
The RDX-based aluminum-containing gradient structure explosives
were prepared by DIW technology, as shown in Fig. 26(a). The SEM
and DSC results demonstrated that the gradient explosive had good
compatibility and no obvious void was observed at the filament
interface in Figs. 26(d)e26(h), which made the gradient explosive
have good thermal stability and inhibited the formation of hot
spots. The gradient explosive exhibited significantly higher critical
detonation diameter and thickness than a single explosive with the
same aluminum content in the whole explosive, nearly two times
increase.
e of RDX-Al20 gradient cylinder; (c) Optical image of Al (30 wt%) cylinder; (dee) SEM
e of RDX-Al10, RDX-Al20, RDX-Al30.



Fig. 27. (a) The schematic for the preparation of the CL-20/WPU/EC ink; SEM images of (b) raw CL-20, (c) sub-CL-20, (d) ink writing pattern, and the corresponding ink samples with
different EC contents of 3 wt% (e), 4 wt% (f), and 5 wt% (g).
Adapted with permission. Copyright 2019, ELSEVIER publishing [115].
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4.2.3. Honeycomb structures
Ye et al. [115] successfully fabricated AM Honeycombed CL-20

structures with a low critical size of detonation using a micro-
flow DIW technology for intelligent weapon systems. The CL-20-
based explosive ink by a two-component adhesive system with
waterborne polyurethane (WPU) and ethyl cellulose (EC) was
prepared, which showed strong shear-thinning behavior that
permitted layer-by-layer deposition from a fine nozzle onto a
substrate to produce complex shapes, as shown in Fig. 27(a). The
shape of the raw CL-20 is spindle-shaped (Fig. 27(b)). After me-
chanical ball milling, the sub-CL-20 explosives had a nearly
spherical shape and smooth surface, whose median size was
140 nm (Fig. 27(c)). Fig. 27(d) shows a 3D periodic structure ob-
tained by writing 10 layers of explosive ink on a substrate, which
revealed that the CL-20/WPU/EC ink can be printed in a variety of
patterns with high uniformity. As the increase of EC content
Fig. 28. The concept diagram of

247
(Figs. 27(e)e27(g)), the pore size distribution increases.
5. Summary and prospects

Design freedom, parts customization, and manufacturing com-
plex structural components are the significant advantages that AM
technology is different from traditional manufacturing, which
provides a huge opportunity for improving product performance,
exerting multifunction of products, and reducing manufacturing
costs. AM technology has made encouraging progress in the past
few decades in the fragmentation, shaped charge, and penetrating
warheads. In general, AM technology seems to have opened a new
door in the warhead field, making the performance of warhead
material better and the warhead structure more precise. On the one
hand, the material mechanical properties of fragments, liners, and
penetrators as well as the combustion performance of explosive
the AM materials database.



Fig. 29. The concept diagram of digital design and modular manufacturing process of warheads using AM technology. Components such as warheads, fuzes, guidance systems, and
rocket engines are digitally designed, and the models are analyzed and optimized through computer platforms. Each module is printed through a printer and the printing in-
formation is also fed back to the digital platform in real time. The final missile is obtained after iteration.

Fig. 30. A possible idea of using AM technology to integrate the manufacturing of
warhead shells and charges. By mechanically controlling the delivery of the warhead
shell and charging raw materials, the warhead can be manufactured layer by layer
according to a predetermined path, greatly shortening the warhead manufacturing
cycle.
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compounds manufactured by AM technology have reached or
exceeded traditional levels. On the other hand, the special warhead
structure and charge structuremanufactured by AM technology not
onlymake the damaged elements more powerful but also make the
energy more controllable.

In terms of fragmentationwarhead, new shell materials, reactive
materials, precise shell grooves, and special-shaped warhead
structures manufactured by AM technology have greatly changed
the damaging effect of the fragmentation warhead by changing the
fragment mass, fragment scattering density, fragment energy
release, and fragment scattering angle. In terms of the shaped
charge warhead, new liner material (CuCrZr and CuSn10) manu-
factured by AM improves the penetration performance by up to 27%
compared with traditional liners. The lightweight liner structures
(hollow and honeycomb structures) have also been initially studied
in the penetration test, showing certain application potential. In
terms of the penetrating warhead, it is of great significance to print
new penetrating materials (WHAs, amorphous alloys, and HEAs)
with stable performance and good penetrating ability, but related
research is still in its infancy. The TO method combined with AM
technology can complete the design and manufacturing of a lattice
penetrator. Preliminary penetration tests have confirmed the
feasibility of the idea, and a reactive material-filled lattice warhead
will become a further application direction. In terms of warhead
charges, high-energy and insensitive AM explosives are being
widely studied. More importantly, AM has completely opened up
the development direction of high-precision and energy-
customized explosives. By regulating the microstructure of AM
explosives (hollow structure, gradient structure, and honeycomb
structure), safer explosives are expected to be obtained.

Not limited to these, some bolder outlooks on the application of
AM in the warhead field are made, focusing on the following
aspects.

(1) Establishment of AM material database

AMmaterials can be regarded as a new type of materials, whose
microstructure and properties are quite different from traditional
materials. Existing research mainly focuses on the damage capa-
bility of AM warheads, and relevant research on the mechanical
properties of warhead materials is scarce. Hence, establishing a
complete AM material database covering parameter sets,
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mechanical properties, and microstructure archives is very impor-
tant to standardize the application of AM materials. Fig. 28 shows
the concept diagram of the AM materials database.

(2) Digital design and modular manufacturing of complex
structural warheads

AM technology can realize the digital design of the warhead and
quantitatively manufacture a batch of parts with the same property
through a set of parameters, which is beneficial to subsequent
maintenance and improvement. Moreover, AM makes it easier to
achieve modular manufacturing of complex structural warheads.
Fig. 29 shows a typical example of using AM technology for digital
Adapted from Refs. [116,117].
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design and modular manufacturing of warheads, which may
completely subvert the traditional warhead manufacturing
concept.

(3) Integrated design and manufacturing of warhead and charge

Changing the warhead structure can achieve a controllable
output of the damage power, and changing the explosive structure
can achieve a controllable release of explosive energy. The design
and manufacturing of the integrated warhead and charge structure
would achieve precise power release through the dual energy
controllability of the AM warhead shell and charge. At present,
researchers are working hard to pursue the controllability of the
warhead's damage element power and explosive energy. There is
no doubt that AM technology is the best choice to combine the two.
With the development of hybrid AM, MMAM, and smart AM
technology, AM machines that integrate the manufacturing of
warheads and charges are expected to be realized. The world's
largest multi-material hybrid AM system Kraken is a typical pre-
cedent [27]. A possible idea for the integrated AM process of the
warhead shell and charge is given in Fig. 30.
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The novel scanning strategy for fabrication metallic glasses by selective laser
melting. 2016. Berlin.

[79] Yeh JW, Chen SK, Lin SJ, Gan JY, Chin TS, Shun TT, et al. Nanostructured high-
entropy alloys with multiple principal elements: novel alloy design concepts
and outcomes. Adv Eng Mater 2004;6:299e303.

[80] Song WL, Ma Q, Zeng Q, Zhu S, Sui M, Cao T, et al. Experimental and nu-
merical study on the dynamic shear banding mechanism of HfNbZrTi high
entropy alloy. Sci China-technological Sci 2022;65:1808e18.

[81] Chen H, Zhang X, Dai L, Liu C, Xiong W, Tan M. Experimental study on
WFeNiMo high-entropy alloy projectile penetrating semi-infinite steel
target. Defence Technology 2022;18:1470e82.

[82] Huang A, Fensin S, Meyers MA. Strain-rate effects and dynamic behavior of
high entropy alloys. J Mater Res Technol 2023;22:307e47.

[83] Chadha K, Tian Y, Spray J, Aranas C. Effect of annealing heat treatment on the
microstructural evolution and mechanical properties of hot isostatic pressed
316L stainless steel fabricated by laser powder bed fusion. Metals 2020;10:
753.

[84] Zhang H, Pan Y, He YZ. Synthesis and characterization of FeCoNiCrCu high-
entropy alloy coating by laser cladding. Mater Des 2011;32:1910e5.

[85] Brif Y, Thomas M, Todd I. The use of high-entropy alloys in additive
manufacturing. Scripta Mater 2015;99:93e6.

[86] Kuzminova Y, Firsov D, Dudin A, Sergeev S, Zhilyaev A, Dyakov A, et al. The
effect of the parameters of the powder bed fusion process on the micro-
structure and mechanical properties of CrFeCoNi medium-entropy alloys.
Intermetallics 2020;116:106651.

[87] Richards H, Liu D. Topology optimization of additively-manufactured, lattice-
reinforced penetrative warheads. In: 56th AIAA/ASCE/AHS/ASC structures,
structural dynamics, and materials conference. Kissimmee, Florida: Amer-
ican Institute of Aeronautics and Astronautics; 2015.

[88] Provchy ZA, Palazotto AN, Flater PJ. Topology optimization for projectile
design. J Dyna Behav Mater 2018;4:129e37.

[89] Jing C-C. Research on topology optimization design method of lattice
structure based on selective laser melting technology. Master. Beijing insti-
tute of technology; 2017.

[90] Graves WT, Liu D, Palazotto AN. Topology optimization of a penetrating
warhead. In: 57th AIAA/ASCE/AHS/ASC structures, structural dynamics, and
materials conference. San Diego, California, USA: American Institute of
Aeronautics and Astronautics; 2016.

[91] Jr Graves WT, Liu D, Palazotto AN. Impact of an additively manufactured
projectile. J Dyn Behav Mater 2017;3:362e76.

[92] Provchy ZA, Palazotto AN. Additively manufactured penetrators. In: 58th
AIAA/ASCE/AHS/ASC structures, structural dynamics, and materials confer-
ence. Grapevine, Texas: American Institute of Aeronautics and Astronautics;
2017.

[93] Patel A, Palazotto AN. Investigation of hybrid material projectile impact
against concrete targets. In: 2018 AIAA/ASCE/AHS/ASC structures, structural
dynamics, and materials conference. Kissimmee, Florida: American Institute
of Aeronautics and Astronautics; 2018.

[94] Patel AA, Palazotto AN. Design methodology for topology optimization of
dynamically loaded structure. J Dyn Behav Mater 2019;5:59e64.

[95] Beard A, Palazotto AN. Alternative materials for high-speed projectile outer
casing. In: AIAA scitech 2020 forum. Orlando, FL: American Institute of
Aeronautics and Astronautics; 2020.

[96] Al-Ketan O, Rowshan R, Abu Al-Rub RK. Topology-mechanical property
relationship of 3D printed strut, skeletal, and sheet based periodic metallic
cellular materials. Addit Manuf 2018;19:167e83.

[97] Limido J, Deconinck P, Beaucamp A, Paintendre F, Hereil P-L. Additively
manufactured penetrating warheads. EPJ Web Conf 2018;183:04007.

[98] Kim S, Kim S, Kim T, Choi S, Lee TH, Park JS, et al. Topology optimization of
reactive material structures for penetrative projectiles. Defence Technology
2022;18:1205e18.

[99] Xiao L, Wang Q, Li W, Liu Q, Hao G, Gao X, et al. Preparation and perfor-
mances of nano-HMX and TNT melt-cast explosives based on 3D printing
technology. Acta Armamentarii 2018;39:1291e8.

[100] Zong H, Guo C, Wang Z, Guo R, Zhou H, Hao G, et al. Preparation of TNT/
HMX-based melt-cast explosives with enhanced mechanical performance
by fused deposition modeling (FDM). J Energ Mater 2022:1e19.

[101] Zong H, Cong Q, Zhang T, Hao Y, Xiao L, Hao G, et al. Simulation of printer
nozzle for 3D printing TNT/HMX based melt-cast explosive. Int J Adv Manuf
Technol 2022;119:3105e17.

[102] Ruz-Nuglo Fidel D, Groven Lori J, Puszynski Jan A. Additive manufacturing for
energetic components and materials. 2014:894.

[103] Zhang L, Zhang F, Wang Y, Han R, Yang L. Preparation and characterization of
direct write explosive ink based on CL-20. J Phys: Conf Ser 2019;1209:
012016.

[104] Kong S, Liao D, Jia Y, An C, Li C, Ye B, et al. Performances and direct writing of
CL-20 based ultraviolet curing explosive ink. Defence Technology 2022;18:

http://refhub.elsevier.com/S2214-9147(24)00055-2/sref46
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref46
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref46
https://doi.org/10.1063/1.4971627
https://doi.org/10.1063/1.4971627
https://doi.org/10.2514/6.2019-0776
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref49
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref49
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref49
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref50
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref50
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref51
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref51
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref51
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref51
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref52
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref52
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref53
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref53
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref53
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref53
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref54
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref54
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref55
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref55
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref56
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref56
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref56
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref57
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref57
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref57
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref57
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref58
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref58
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref58
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref58
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref59
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref59
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref60
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref60
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref60
https://doi.org/10.1115/HVIS2019-110
https://doi.org/10.1115/HVIS2019-110
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref62
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref62
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref62
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref62
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref63
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref63
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref63
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref64
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref64
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref64
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref65
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref65
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref65
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref65
https://doi.org/10.1117/12.2580011
https://doi.org/10.1117/12.2580011
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref67
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref67
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref67
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref68
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref68
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref68
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref69
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref69
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref69
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref70
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref70
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref70
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref71
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref71
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref71
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref72
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref72
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref72
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref72
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref72
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref73
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref73
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref73
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref74
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref74
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref74
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref75
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref75
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref75
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref75
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref76
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref76
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref76
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref77
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref77
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref77
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref78
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref78
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref78
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref79
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref79
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref79
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref79
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref79
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref79
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref80
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref80
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref80
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref80
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref81
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref81
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref81
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref81
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref82
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref82
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref82
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref82
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref83
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref83
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref83
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref84
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref84
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref84
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref84
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref85
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref85
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref85
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref86
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref86
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref86
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref87
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref87
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref87
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref87
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref88
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref88
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref88
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref88
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref89
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref89
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref89
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref90
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref90
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref90
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref91
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref91
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref91
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref91
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref92
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref92
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref92
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref93
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref93
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref93
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref93
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref94
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref94
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref94
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref94
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref95
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref95
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref95
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref96
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref96
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref96
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref97
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref97
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref97
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref97
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref98
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref98
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref99
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref99
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref99
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref99
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref100
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref100
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref100
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref100
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref101
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref101
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref101
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref101
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref102
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref102
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref102
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref102
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref103
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref103
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref104
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref104
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref104
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref108
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref108


H. Xue, Q. Zhou, C. Xiao et al. Defence Technology 43 (2025) 225e251
140e7.
[105] Wang J, Xu C, An C, Song C, Liu B, Wu B, et al. Preparation and properties of

CL-20 based composite by direct ink writing. Propell, Explos, Pyrotech
2017;42:1139e42.

[106] Li Q, An C, Han X, Xu C, Song C, Ye B, et al. CL-20 based explosive ink of
emulsion binder system for direct ink writing. Propell, Explos, Pyrotech
2018;43:533e7.

[107] Xu C, An C, He Y, Zhang Y, Li Q, Wang J. Direct ink writing of DNTF based
composite with high performance. Propell, Explos, Pyrotech 2018;43:754e8.

[108] Laboratory LAN. Explosiv3Design | discover Los Alamos national laboratory.
Los Alamos National Laboratory. https://discover.lanl.gov/publications/1663/
2016-march/explosiv3-design/.

[109] Brown CB, Mueller AH, Sridhar S, Lichthardt JP, Schmalzer AM, Tappan BC,
et al. Switchable explosives: performance tuning of fluid-activated high
explosive architectures. Phys Rev Lett 2023;130:116105.

[110] Schmalzer A, Tappan B, Bowden P, Manner V, Clements B, Menikoff R, et al.
Controlled detonation dynamics in additively manufactured high explosives.
APS Shock Compression of Condensed Matter Meeting; 2017. p. Y2.002.

[111] Huang J, Wang J, Mao Y, Xu R, Zeng G, Yang Z, et al. Preparation of CL-20/
TATB composite charge structure by 3D printing technology. Chin J Energ
251
Mater (Hanneng Cailiao) 2019;27:931e5.
[112] Dunju W, Changping G, Ruihao W, Baohui Z, Bing G, Fude N. Additive

manufacturing and combustion performance of CL-20 composites. J Mater
Sci 2020;55:2836e45.

[113] He Q, Wang J, Mao Y, Yin H, Cao W, Nie F. Fabrication of gradient structured
HMX/Al and its combustion performance. Combust Flame 2021;226:222e8.

[114] Zhou X, Mao Y, Zheng D, Zhong L, Wang R, Gao B, et al. 3D printing of RDX-
based aluminized high explosives with gradient structure, significantly
altering the critical dimensions. J Mater Sci 2021;56:9171e82.

[115] Ye B, Song C, Huang H, Li Q, An C, Wang J. Direct ink writing of 3D-Honey-
combed CL-20 structures with low critical size. Defence Technology
2020;16:588e95.

[116] Nazir A, Gokcekaya O, Md Masum Billah K, Ertugrul O, Jiang J, Sun J, et al.
Multi-material additive manufacturing: a systematic review of design,
properties, applications, challenges, and 3D printing of materials and cellular
metamaterials. Mater Des 2023;226:111661.

[117] Hasanov S, Alkunte S, Rajeshirke M, Gupta A, Huseynov O, Fidan I, et al.
Review on additive manufacturing of multi-material parts: progress and
challenges. J Manuf Mater Process 2021;6:4.

http://refhub.elsevier.com/S2214-9147(24)00055-2/sref108
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref108
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref105
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref105
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref105
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref105
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref106
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref106
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref106
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref106
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref107
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref107
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref107
https://discover.lanl.gov/publications/1663/2016-march/explosiv3-design/
https://discover.lanl.gov/publications/1663/2016-march/explosiv3-design/
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref110
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref110
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref110
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref111
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref111
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref111
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref112
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref112
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref112
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref112
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref113
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref113
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref113
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref113
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref114
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref114
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref114
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref115
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref115
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref115
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref115
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref116
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref116
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref116
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref116
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref117
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref117
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref117
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref117
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref118
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref118
http://refhub.elsevier.com/S2214-9147(24)00055-2/sref118

	Perspectives on additive manufacturing for warhead applications
	1. Introduction
	2. Principles and characteristics of AM technology
	2.1. Basic principles of AM technology
	2.2. New AM technologies and methods
	2.3. AM technology in warhead manufacturing

	3. Application of AM in warhead damage element
	3.1. Fragmentation warhead
	3.1.1. Natural fragments
	3.1.2. Controlled fragments
	3.1.3. Preformed fragments

	3.2. Shaped charge warhead
	3.3. Penetrating warhead
	3.3.1. New penetrating materials
	3.3.2. Lattice penetrator
	3.3.2.1. Concepts and ideas
	3.3.2.2. Test verification of lattice warhead
	3.3.2.3. Reactive material-filled lattice warhead



	4. Application of AM in warhead charge
	4.1. New high-energy and insensitive explosives
	4.2. High-precision and energy-customized explosives
	4.2.1. Internal hollow structures
	4.2.2. Gradient structures
	4.2.3. Honeycomb structures


	5. Summary and prospects
	Declaration of competing interest
	Acknowledgments
	References


