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In this research, metallic lightweight ductile composites made from Ti and Al alloys are

tested against dynamic impact. 3D printed Ti6Al4V cellular lattice structures with different

strut diameters and cell sizes were sintered inside an AlSi10Mg powder during the low-

pressure low-temperature process and investigated experimentally and analytically. Four

novelties of the present study are: (1) Ti6Al4V-AlSi10Mg composite with local or overall

impact reinforcement, (2) combination of selective laser melting (SLM) and spark plasma

sintering (SPS) techniques to produce hybrid composites, (3) multiple impact test method

with  in-situ monitoring of sample acceleration, (4) coupling of SolidWorks and ANSYS finite

element software to model and simulate penetration depth, stress distribution, deformation

of  uniform and gradient architecture lattices due to projectile impact. The volume fraction

of  the Ti6Al4V lattice (influenced by cell size and strut diameter) has a pivotal role in impact

resistance. The results show that composites with smaller cell size with thinner strut diam-

eter  has similar performance to those with larger cell size with thicker struts, due to equal

volume fraction. The good performance of the thickest strut possible per unit cell demon-

strates the pivotal role and direct relationship of the volume fraction of the Ti6Al4V lattice

for  the impact resistance. In addition, the simulation results show that a uniform lattice

structure with a higher volume fraction leads to a shallow penetration, while a gradient
lattice  hinders shape distortion.

r(s). 
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mets, body armors, and ballistic vests are usually made of
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1.  Introduction
In recent years, the development of impact resistant (IR)
and armor piercing (AP) shielding composites, which protect
against heavier impacts and penetrating objects, has focused

∗ Corresponding author.
E-mails: ramin.rahmaniahranjani@taltech.ee, ramin.rahmaniahran

https://doi.org/10.1016/j.jmrt.2020.09.108
2238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is a
creativecommons.org/licenses/by-nc-nd/4.0/).
Published by Elsevier B.V. This is an open access article under the

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

on lighter structures made of metals, metal-metal hybrids,
ceramics, ceramic-metal (cermet), and fiber composites. Hel-
jani@gmail.com (R. Rahmani).

synthetic fibers such as Kevlar and metals, such as steel and
titanium. The key role of these materials is to distribute and
absorb the kinetic energy of the penetrating object on impact.
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The ceramic and non-metallic composites or hybrids con-
aining different materials, such as ceramic tiles can be
ntegrated into the shield relatively easily. In such a structure,
eramics contribute to efficiency through their high hardness,
ompressive strength, and low density. The most widely used
eramics are Alumina (Al2O3), Boron Carbide (B4C), Silicon Car-
ide (SiC), and Boron-Silicon Carbide. On the other hand, they
ave several disadvantageous properties, such as low tensile
trength (low bending strength) and high melting point (high-
emperature sintering equipment is required). They also have
ower ductility compared to Ti and Al metals (for example),
ut this can be improved by advantageous properties when
ombined in a composite structure. As the state of the art
f AP shielding, the functionality of metal-ceramic plates in
allistic armors is to safeguard against the penetration of pro-

ectiles by breaking their tips, damping the impact energy, and
isrupting the propagation of penetrating fragments. In [1]
i6Al4V titanium alloy plates, rolled and annealed by different
eat treatments are subjected to ballistic impact (12.70 mm
P bullet). A microscale failure mechanism analysis was per-

ormed, and the results showed varied brittle fragmentation
o ductile hole formation depending on the heat treatment
arameters. In another study [2], AA6070 aluminum alloy, heat
reated in different tempers suggest that aluminum alloys
ave a comparable perforation resistance (7.62 mm AP bullet)
nd strength to that of steels when region mass is considered.
he current research borrows this idea and simultaneously
pplies Ti and Al alloys to induce lightness and strength of
etal-based structures, on the condition that the metals con-

olidate, embed each other and assemble in a layer-by-layer
ode.
With the advancement of additive powder-based tech-

ology more  complex and sophisticated mixed-material
omposites can be fabricated. A wealth of literature is
lready available on this subject, covering the typical design
f cellular structures (strut diameter and pore size, cell
rchitecture, topology optimization), mechanical proper-
ies (orientation/location dependence, microstructure/phase
nvestigation, fracture toughness, tensile strength, fatigue,
tc.), metal powders or alloys (thermal deformation, solidifica-
ion, etc.), printing parameters and industrial applications, see
.g. [3–8], but the literature on the response of these materials
nder static or dynamic impact conditions is still very scarce.

n [9], for example, additively manufactured and heat-treated
lSi10Mg in a horizontal and vertical orientation and trans-

rack and inter-layer fracture is investigated when subjected to
mpact. The porosity and mechanical properties of large-scale
omponents for aerospace applications are also investigated
nder impact [10]. The microanalysis of the morphology and
omposition of Ti6Al4V was investigated by ultrasonic impact
reatment in the air with a duration of 30−150 s and leads to
he formation of an amorphous layer of oxidation mixed with

 separation of Fe, Al, and V [11]. Multiple sliding impacts
f Ti6Al4V by ultrasonic impact treatment are induced to

ncrease fatigue strength and prolonged lifetime [12].
Nowadays, additive manufacturing includes the term 3D
rinting, which is attracting a lot of attention and open-
ng possibilities to a wide range of novel applications, e.g.
ard materials [13], tissue engineering [14], antibacterial

15], biomaterial [16], devices for in-vivo or in-vitro medical
;9(6):13842–13854 13843

applications [17], etc. The selective laser melting (SLM) pro-
cess enables manufacturing of lightweight, gradient, porous
and complex geometries, of metal, ceramic and composite
structures and prototyping. During the SLM process, a thin
spread of powder (spherical particles) is selectively melted
by a focused laser or beam additively, layer-by-layer (usually
between 25 �m and 100 �m,  depending on the particle size) to
obtain a near-net-shape product. The melted areas of the two
adjacent layers are joined together after a high cooling rate
(approximately 105 K/s) [18,19]. Spark plasma sintering (SPS)
is a comparatively new process in powder metallurgy, which
allows the fabrication of bulk materials from powders, using a
fast heating rate (up to 1000 ◦C/min) and various holding times
(depending on the material phases) at high sintering temper-
atures (up to 2000 ◦C) at relatively low pressure (up to 100 MPa)
and is widely applicable, ranging from metals and ceramics to
cermets. During the SPS process, a high pulsed electric cur-
rent is applied to the electrodes and discharges in the gaps
between the powder particles to generate plasma which leads
to sintering [20,21]. Graphite, as a very good electric conduc-
tor, can be used for cylindrical molds in different diameters
(usually 10–100 mm)  that can be applied for keeping powders
or a mix  of powders inside the structures in the SPS vacuum
chamber. SPS is near the fully-densified process and depends
on the powder sizes and SPS parameters (temperature, time,
and pressure) during the process.

SLM and SPS processes individually have excellent proper-
ties, such as fully dense parts manufacturing; relatively new
and operator/software friendly techniques, prototyping before
mass production, near-net-shape finishing, and a wide range
of metals and ceramics that can be used are the main advan-
tage points of both processes. This motivated us to apply a
combination of SLM-SPS techniques to IR and AP shielding
applications, especially to fabricate metal hybrid composites
for local reinforcement of the component (part). The combi-
nation of SLM-SPS approaches provides the desired shapes,
thicknesses, and configurations of the Ti-Al alloys. A Ti6Al4V
lattice embedded in an AlSi10Mg matrix or vice versa is a novel
solution to achieve the strength of Ti, the ductility of Al, and
the lightness of both together. Different cell sizes and strut
diameters lead to the different volume fraction of Ti and Al
alloys in the hybrid composition. In addition, this study pro-
poses to continue with a Ti6Al4V printed lattice (metallic layer
made by SLM), fill it by Al2O3 sintered (ceramic layer made by
SPS), and fabricate a gradient structure design.

Since the price of experiments to test the collision, explo-
sion, and destruction resistance of new materials is usually
very high, the need for precise modeling and simulation tools
is very important. Some studies have shown that simulations
can be a valuable part of the development process. For exam-
ple, in [22] the explicit dynamic finite element analysis (FEA)
was implemented in ABAQUS to compare numerical predic-
tions and experimental results. LS-DYNA software was used
to measure the depth of penetration (DOP) and the design
of thin, light, and inexpensive metal-ceramic armor in [23].
In [24] the monolithic and layered plate simulation against

varying shank diameter showed an increase of the structural
resistance with increasing projectile diameter. This impor-
tant result showed a better resistance of monolithic systems.
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Fig. 1 – Top figure: CAD model of BCC lattice configuration and related cell size with four cross-sectional struts for A) 0.2 mm
B) 0.5 mm,  and C) 1.0 mm strut diameter. The diameter of each sample is 20 mm and height is 6 mm;  Bottom figure: Ti6Al4V
lattice structures manufactured by SLM with strut diameter, unit cell size, metal volume fraction and weight A) 0.2 mm,
0.75 mm,  37% and 3.11 g; B) 0.5 mm,  2.0 mm,  30% and 2.46 g; C) 1.0 mm,  2.0 mm,  71% and 5.91 g.

trut 
Fig. 2 – SEM micrograph of Ti6Al4V lattice with s

Accordingly, an improvement of the layered shield walls from

conventional layered plates to monolithic embedded layers
made by a combination of layers seems necessary. It was
shown in [25], that an armor system made of a single material
diameters: A) 0.2 mm,  B) 0.5 mm and C) 1.0 mm.

can be resistant to the impact of small caliber projectiles, but

a multi-component target comprising hard-faced ceramics,
backing composites, and ductile materials can be widely used
against larger caliber projectiles. The models like Johnson-
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Fig. 3 – Ti6Al4V lattice filled by AlSi10Mg matrix and
sintered in SPS. Lattice strut diameter and final weight of
composites are: A) 0.2 mm and 4.84 g, B) 0.5 mm and 4.23 g,
C) 1.0 mm and 6.40 g. The diameter of each sample is
j m a t e r r e s t e c h n o l . 

ook and Johnson-Holmquist were used for projectile survey
nd materials behavior before specific software were devel-
ped. For example, the Johnson-Cook model was used for a
onolithic titanium block with an impact velocity of 2000 m/s

n [26].
In this article, we present a novel hybrid composite mate-

ial consisting of a Ti6Al4V lattice filled with AlSi10Mg, with
elatively high densification and consolidation, instead of
aminated metals with adhesive layers. The use of additive

anufacturing eliminates delamination and layer debonding
roblems, and the design of the lattice architecture con-
ributes to higher impact absorption, which is demonstrated
xperimentally by capturing the zirconia ball impacts. SLM-
PS combined approaches (advanced processes of additive
anufacturing and powder metallurgy) are applied to produce
etal-based composites with local (desired zones) or overall

throughout the sample) reinforcement. The effect of cell and
trut sizes of lattices is evaluated by a developed ball-on-plate
mpact test. It is shown that with the same volume fraction
ange, denser cell size with thinner strut diameter and courser
ell size with thicker strut has almost identical depth of pene-
ration. The experimental part of the present study is focused
n impact resistance (IR) composite, however, as an applica-
ion in the simulation section, armor piercing (AP) shielding is
argeted. Combined SolidWorks-ANSYS FEA is applied to sim-
late the ability of gradient and uniform lattice structures
gainst projectile impact. It is illustrated that the uniform lat-
ice is resistant to projectile penetration/perforation, while the
radient lattice is resistant to distortion/deformation.

.  Materials  and  methods

n SLM50 device (from SLM solutions [27]) with laser power of
5 W,  laser current of 3000 mA,  exposure time 600 �s, point
istance 1 �m was used to fabricate a varied unit cell size

functionally graded lattices, FGL), [28,29]. Lattices with three
ifferent strut diameters were made from Ti6Al4V material,
ee Fig. 1.

Strut diameter and unit cell size of the lattice are two

haracteristic parameters that can define/control the vol-
me  fraction of the lattice and matrix that is integrated into
he free spaces between the lattice. In this study, the body-
entered cubic (BCC) lattice configuration is considered for

Fig. 4 – SEM micrograph of A) Ti6
20 mm and densification are ≈ 75-80 %.

experimental and analytical tests [30,31]. This BCC strut-based
lattice is easy to define for SLM software (in case of com-
plex structures) and flexible/deformable during the impact (in
the case of high-velocity projectiles). Also, unmelted/sticked
particles during the SLM process influence the weight, preci-
sion and roughness of the struts, but they can be blasted by
alumina nanoparticles during post-processing. With smaller
strut diameters, sticked/unmelted particles are less com-
mon; for example, 0.5 mm strut has more  sticked particle
than 0.2 mm strut. However, with a strut diameter of 1.0 mm
or more,  the structure behaves like a plain volume which
unmelted particles will be covered by next layers (Fig. 2).

The spark plasma sintering (SPS, from FCT Systeme GmbH
device, [32]) setup with the vacuum chamber is kept inside
the nitrogen glovebox to avoid oxygen contamination during
the consolidation of AlSi10Mg inside Ti6Al4V to manufac-
ture hybrid composite [33]. The three samples are sintered
at 500 ◦C, 5 min  holding time, and 15 MPa pressure inside a
20 mm graphite mold. Experience has shown that it is prefer-
able to hold the samples for 5 min  at 300 ◦C and 5 MPa during
the SPS process for the reduction of the oxide layer. Fig. 3
shows the result of the SPS process. Due to the low-pressure
(to avoid the deformation of the lattice architecture) and the

low-temperature (to avoid complete melting of the aluminum)
the samples have almost the same height as modeled (as a
printed Ti6Al4V lattice).

Al4V, B) AlSi10Mg powders.
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Fig. 5 – Impact test device.

Fig. 6 – Optical images of regions formed after multiple dynamic impacts for samples with A) 0.2 mm,  B) 0.5 mm,  and C)

1.0 mm strut diameters.

Gas atomized Ti6Al4V Gd5 powders with the particle size
≤ 45 �m and a density of 4.43 g/cm3 (supplied by TLS Tech-

nik GmbH) were used to fabricate the lattice and spherical
AlSi10Mg powders with the size 20−63 �m and a density
of 2.59 g/cm3 (from the same supplier) were used for the
ductile impact absorber matrix, filled by SPS into the free
spaces of the lattice structure (see Fig. 4, Ti6Al4V is approx-
imately 60 % denser than AlSi10Mg). Digital micrographs

of the samples and powders were obtained using a scan-
ning electron microscope (SEM, Zeiss EVO MA  15, Carl Zeiss
AG).
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Fig. 7 – Openness of Ti6Al4V lattice located: A) far away, B) close to, C) at the edge and inside (highly affected by impact)
impact region. Strut diameter is 0.5 mm (See Fig. 6B) and black region from top view is unmelted particles covering strut
surface (See Fig. 2B).

Fig. 8 – Sample acceleration curves for approximately 30 impacts during 1.1 s for composites with strut diameter of: A)
0.2 mm,  B) 0.5 mm,  and C) 1.0 mm;  D) Comparison of positive (during impact) peak values of acceleration.
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Fig. 9 – Ti6Al4V-AlSi10Mg samples produced by SPS with
45 MPa pressure: A) 1 mm,  B) 2 mm cell sizes uniform lattice
(both samples have 20 mm diameter and 0.2 mm strut

diameter).

3.  Results  and  discussion

Impact wear was tested in a “ball-on-plate” configuration with
a modified impact wear device developed in-house [34]. Dur-
ing this test, the sample rigidly fixed to the platform receives

repetitive impacts (the impact energy is 5.6 J at a frequency
of 27.5 Hz) through a 10 mm diameter zirconia ball (95% ZrO2

stabilized by 5% Y2O3, Tosoh Corporation, Japan). The zirconia
ball was used due to its high fracture toughness (in compar-

Fig. 10 – SEM micrographs illustrating effect of cell size on deform
diameter of 0.2 mm sintered under 45 MPa SPS pressure: A and B
black pores are graphene sheet pieces survived after course polis
wall, around and top/bottom sides of sample due to high therma
 0 2 0;9(6):13842–13854

ison to other commonly used ceramics). The duration of the
test was approximately 30 impacts supplied in 1.1 s with an
industrial Makita drill. The force pressing the sample against
the impacting ball was 98.1 N (10 kg). Vibration (acceleration)
monitoring of the platform on which the sample was mounted
was measured in-situ with a PCH1420 device and an accelera-
tion sensor, PCH-Engineering Denmark. The degree of sample
acceleration depends on the loss of energy in the contact zone
between the impacting ball and the test sample. The sample
that provides a high damping capacity of the impact energy
receives the lowest acceleration, while the one that is not able
to absorb the energy is accelerated more.  The positioning and
reciprocation motion of the mechanism is shown in Fig. 5.

ZEISS SteREO discovery V20 motorized Stereo microscope
with AxioVision viewer 4.8 software is used to calculate the
diameters of regions with multiple impacts (Fig. 6). A similar
volume fraction of Ti6Al4V alloy in Ti6Al4V-AlSi10Mg compos-
ites is compared to the performance of the composite with
smaller cell size and thinner lattice struts (see Fig. 3A) and
that of larger cell size and thicker struts mesh (see Fig. 3B).
As illustrated in Fig. 6A and 6B, the results on impact (sizes of
regions) are quite similar. However, a strut diameter of 1.0 mm
gives the best hybrid composite against impact with the small-
est size of the region (and also the smallest penetration depth
as well) because of the high volume fraction of Ti6Al4V and the
thicker struts to absorb the impact energy (Fig. 6C). A structure
with uniform distribution and fine mesh lattice can be applied

throughout the sample (Fig. 6A), however, for local/overall
component reinforcement, structure with thicker struts lat-
tice filled with ductile AlSi10Mg (Fig. 6C) can perform similarly

ation of Ti6Al4V-AlSi10Mg samples with equal strut
) 1 mm,  C and D) 2 mm with different magnifications. The
hing that is used during SPS, inside the graphite mold
l/electrical conductivity.
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Fig. 11 – An example of possible metal to ceramic gradient
material: metal/alloy in bottom (best ductility),
metal-ceramic (Al2O3 sintered inside Ti6Al4V printed), and
pure ceramic in the top (best hardness).
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Fig. 12 – Ti6Al4V lattices: A) Uniform 1.5 mm cell size, B)
Longitudinal gradient, C) Radial gradient (gradient
structures have 1 mm and 45 %, 1.5 mm and 30 % and 2 mm
and 15 % cell sizes and volume fraction, respectively; all
lattices have 50 mm diameter and 30 mm height). Weight of
Ti6Al4V lattices are: A) 20 g, B) 30 g, C) 25 g.

Fig. 13 – Ti6Al4V-AlSi10Mg samples after SPSing: A)
Uniform, B) Longitudinal gradient, C) Radial gradient (final
height of samples are 14, 18 and 16 mm,  respectively). Final
weight of samples is around 80 g after polishing, namely A)
20 g + 60 g, B) 30 g + 50 g, C) 25 g + 55 g Ti6Al4V lattice and

To demonstrate the positive effect of low-pressure during
r better than a pure titanium alloy. Note that several studies
re focusing on the topology, weight, cell, pore, and strut sizes
f lattices, see e.g. [35,36]. The cell sizes 0.75 × 0.75 × 0.75 mm3

Fig. 1A, as a smallest possible cubic dimension for Ti6Al4V
owder and SLM50 device) and 2 × 2×2 mm3 cell (Fig. 1C, as
mallest possible cube for 1.0 mm strut) are arbitrary chosen
o get “almost identical” proportion of Ti6Al4V metallic lat-
ice (volume fraction around 30–40 %) for samples Figs. 1A
nd 1B, and “almost two times” for sample Fig. 1C (volume
raction around 70–75 %). The result shows equal deformation
or Figs. 6A and 6B, but almost half-deformation for Fig. 6C.
n important outcome is independency of formation after

mpact test from cell size and strut diameter of Ti6Al4V (lattice
istribution, relative density) but dependency to the volume
raction of Ti6Al4V in the sample.

Regarding the proximity of the lattice cells to the impact
egion, the openness of the Ti6Al4V lattice can be accom-
lished by different rates, see Fig. 7. The cells in Fig. 7C are

ocated near the impact region. The cell size type/architecture
as an important role in absorbing the impact energy [37]. The
se of Z-BCC (body-centered cubic structure with additional
ertical struts in the cell) instead of BCC and redesigned lattice
rchitecture can be investigated in the future to avoid signif-
cant deformation of Ti6Al4V cells during impact. Most likely,
he ductility of the matrix and the continuation of the lattice
ave the potential to distribute the impact energy throughout
he sample and reduce the stress concentration in the con-
act region (it can be investigated by the FEA). This explains
he impact damping mechanism of the lattice structures. For

 future survey on the quality/effectiveness of 3D printed lat-

ices, the strength of the intersection joint of struts can also
e investigated.
AlSi10Mg filled powder.

With this test, we simulate armor piercing and object pen-
etration resistance by approximately 30 sequential impacts
applied in a 1.1 s time interval. Figs. 8A-C show acceleration-
time curves obtained in-situ during the test to evaluate the
response of the samples to multiple impacts with a ceramic
ball. The lowest acceleration value (highest damping, Fig. 8D)
was provided by a composite with 0.5 mm struts, the mate-
rial with 0.2 mm struts had average performance and the one
material with 1.0 mm struts had the highest acceleration (low-
est damping) during the first 10 impacts. This is probably
because a thicker strut lattice is more  rigid and resists against
deformation (Ti volume fraction and hardness is greater than
Al). This is the perspective of using a gradient structure with
uniform and dense mesh in the surface (thinner struts and
smaller cell sizes) and a higher volume of Ti6Al4V at the bot-
tom of the structure (thicker struts and larger cell sizes).
SPS, two additional Ti6Al4V-AlSi10Mg samples (with 20 mm
diameter and 0.2 mm strut diameter) were produced with
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Fig. 14 – A) SolidWorks modeled and B) SLM manufactured unit cell size of lattice structure to investigate the effect of
unmelted particles in metal-metal or metal-ceramic bonding phase C) Strut cleaning by alumina nanoparticle jet (strut
diameters are approximately 0.2 mm).

Fig. 15 – Samples designed in SolidWorks: A) Solid sample (lattice-free), B) Uniform 3 mm cell size, C) Uniform 1.5 mm cell
ture
size, D) Longitudinal gradient, E) Radial gradient lattice struc

1 mm and 2 mm (previously, the cell size of the tested material
with 0.2 mm strut was 0.75 mm)  cell sizes, Fig. 9. Com-
pared to samples produced at a lower pressure (15 MPa;
Figs. 6,7), samples produced at 45 MPa show higher deforma-
tion (Fig. 9 and 10); a higher cell size (2 vs. 1 mm)  also leads
to increased deformation during the SPS process in terms of
bending and buckling of the struts. This means that the fail-
ure mechanism should be considered regarding the structure
application. Other samples were produced higher pressures

and it was concluded that composites with 0.2 mm struts and
1 mm cell size can be successfully sintered without significant
deformation at pressure up to 100 MPa.
.

The titanium alloy is denser and has a higher mechanical
strength than AlSi10Mg. In the case of metal-ceramic design,
a wide range of 3D printed metal lattices (e.g. 316 L, Ti6Al4V,
AlSi10Mg, CuNi2SiCr, CoCr28Mo6, and Inconel718) can be con-
sidered as the main impact absorption structure. With regard
to the application, the appropriate ceramic (e.g. Al2O3, ZrO2,
and TiO2) can be chosen as the harder matrix. Metallic lattices
can be filled gradually by ceramics for AP shield reinforcement
(Fig. 11). Gradient cermet structure is the idea of having a pure

metal from one side (best ductility), metal-ceramic (e.g. Al2O3

sintered inside Ti6Al4V printed) interlayer, and pure ceramic
from another side (best hardness).
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Fig. 16 – Samples subjected to a penetrating object (6.4 g) simulated in ANSYS (cross sectional view): A) Solid AlSi10Mg
(4.7 g), B) Solid Ti6Al4V (7.8 g), C) Uniform 3 mm cell size Ti6Al4V embedded inside AlSi10Mg (5.7 g), D) Uniform 1.5 mm cell
size Ti6Al4V embedded inside AlSi10Mg (7.6 g), E) Longitudinal gradient Ti6Al4V embedded inside AlSi10Mg (4.9 g), F)
Radial gradient lattice Ti6Al4V embedded inside AlSi10Mg (4.8 g) structure. Depth of penetration for samples A to F are
a ly.
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pproximately ≈7.0, 4.5, 6.5, 4.0, 5.5 and 6.0 mm,  respective

Uniform lattice structure (Fig. 12A), FGL in longitudinal
Fig. 12B), and FGL in radial (Fig. 12C) directions with varied cell
izes (1.0, 1.5, and 2.0 mm)  can be considered for directional
einforcement. In order to illustrate the possibility of produc-
ng gradient composites, the samples with a 50 mm  diameter
nd 30 mm height were prepared. The final heights (after fill-
ng and sintering in SPS) depend on the volume fraction of

he lattice, however, the weight of samples is, all the same,
bout 80 g. Denser mesh/lattice (such as the lowest layer in
he longitudinal FGL or the innermost layer in the radial FGL)
as a higher resistance and lower shrinkage when subjected
to compression/pressure of SPS. Optimized SPS parameters for
the Ti6Al4V lattice and AlSi10Mg filled matrix (15 MPa,  500 ◦C,
5 min) were selected based on experience [28,33]. The samples
produced by the SPS process are shown in Fig. 13 (more details
are given in figure captions).

SolidWorks modeled lattice (Fig. 14A) adopted from the 3D
printed structure (Fig. 14B) can be imported into finite ele-

ment analysis to investigate the effects of unmelted particles
in the metal-metal or the metal-ceramic bonding phase, dif-
ferent cell sizes and strut diameters. Note that the struts can
be cleaned/polished with an alumina nanoparticles jet (see
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Fig. 17 – Composite samples analyzed by ANSYS.  Ti6Al4V lattice structures (without matrix) affected by bullet are presented
) Lo
for: A) Uniform 3 mm cell size, D) Uniform 1.5 mm cell size, E

Fig. 14C). This is a standard procedure in tissue engineering
to prevent unmelted particles. In this case, a combination
of gradient porous scaffolds [38], tissue printing [39], impact
resistant biomaterials [40] can be the state-of-the-art of in AM
science.

4.  Simulation  study  for  armor  piercing
design

FEA is carried out to demonstrate benefits, potential, and abil-
ity of the lattice structure subjected to AP for assessment
of stress, plastic deformation, and impact absorption prop-
erties of Ti-based lattice included matrix than plain Al-based
matrix. Five cylindrical samples (Ø12 × 15 mm)  are designed,
fixed from one side and can deform freely in the axial direc-
tion (direction of projectile movement). They are subjected to
a penetrating projectile at a speed of 1000 m/s  with a height
of 6 mm,  3 mm in diameter, and 45◦ cap angle, schematically
shown in Fig. 15. The projectile is modeled as a nonlinear gold
alloy with a density of 19.3 g/cm3 (which is almost the same
density of tungsten). A solid sample (no lattice) made from
AlSi10Mg or Ti6Al4V (Fig. 15A) is taken as a reference. The sec-

ond and third samples are modeled as a uniform embedded
lattice structure through the whole sample in 3 mm (coarse
mesh, Fig. 15B) and 1 mm (dense mesh, Fig. 15C) unit cell size.
In all samples, the lattice structures made from Ti6Al4V tita-
ngitudinal gradient, F) Radial gradient structure.

nium alloy are filled with the AlSi10Mg matrix. The last two
samples are reinforced with a longitudinal (Fig. 15D) and radial
(Fig. 15E) FGL structure, which are gradually being designed
with 1 mm,  2 mm,  and 3 mm unit cell sizes and lattice-free
volume at the top or in the periphery of the sample.

For the FEA, a structural explicit dynamic analysis by
AUTODYN solver is carried out, the BEAM188 element type
is applied for lattice structure and SOLID45 for the filled
matrix [41,42]. Fig. 16 shows the deformation and Von Mises
stress distribution obtained with ANSYS Workbench v17.2 for
six samples: solid AlSi10Mg, solid Ti6Al4V, uniform 3 mm cell
size Ti6Al4V embedded inside AlSi10Mg, uniform 1.5 mm cell
size Ti6Al4V embedded inside AlSi10Mg, longitudinal gradient
Ti6Al4V embedded inside AlSi10Mg and radial gradient lattice
Ti6Al4V embedded inside AlSi10Mg. The results show a sig-
nificant difference between the solid, uniform lattice, and FGL
structures, especially in terms of depth of penetration (DOP)
and deformation (changing the cylindrical shape of samples).
Obviously, the local stress is higher and DOP lower for the
Ti6Al4V solid sample (Fig. 16B) than for AlSi10Mg (Fig. 16A).
DOP for Al and Ti alloy are 7.0 and 4.5 mm,  respectively, and
the figures reveal distortion/dislocation of the target at the top
of the samples. The coarse distribution of the uniform lattice
structure (Fig. 16C) does not show good performance against

penetration in comparison with solid AlSi10Mg. However, a
finer uniform lattice distribution (Fig. 16D) yields a much bet-
ter result for stopping the penetrating object and keep the
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ample shape undeformed. The maximum stress (usually in
he deeper curve area of the bullet-made indent) for samples

 to F is 1.24, 4.44, 10.9, 9.69, 17.9, and 16.0 MPa, respectively.
omparing A-B with C–F shows the ability of the lattice struc-

ure to concentrate the stress and avoid local stress increment.
In the FGL-included sample (Fig. 16E with 2 mm height for

 mm cell size, 4 mm height for 2 mm cell size, 6 mm height for
 mm cell size of the lattice structure and 3 mm lattice-free at
he top in uniaxial direction), deformation and stress distri-
ution were higher than for the 1 mm uniform lattice sample

Fig. 16D) but with less distortion in the cylindrical form. This
eans that the FGL structure absorbs almost all the energy

f the impact in the longitudinal direction. Due to the denser
gglomeration of Ti6Al4V in the center of the cross-section
3 mm thickness of 1 mm cell size in the innermost radius,

 mm thickness of 2 mm cell size in the second layer of lat-
ice, 3 mm thickness of 3 mm cell size in the third layer, and

 mm lattice-free at the outermost radius of the sample in the
ateral direction), the response of the radial graded lattice is
ot good against axial impact (Fig. 16F). It is not cost-effective

or local component reinforcement and is not suitable when
he displacement of the lattice or the distortion of the outer-

ost layer of the cylinder is to be minimized. Consequently,
he finer (with smaller cell size) uniform lattice (Fig. 16D) is
est suited to achieve the lowest penetration depth, but the

ongitudinally graded lattice (Fig. 16E) works best against dis-
ortion/deformation. The DOP and weight values for samples
6A to 16 F are approximately (7.0 mm,  4.7 g), (4.5 mm,  7.8 g),
6.5 mm,  5.7 g), (4.0 mm,  7.6 g), (5.5 mm,  4.9 g), and (6.0 mm,
.8 g), respectively. The lattice structure performance of sam-
les against impact is separately illustrated in Fig. 17.

.  Conclusion

n this paper, a lightweight Ti6Al4V-AlSi10Mg hybrid compos-
te made by a combination of selective laser melting (SLM)
nd spark plasma sintering (SPS) techniques was studied. 3D
rinted Ti6Al4V lattice filled with AlSi10Mg and sintered by

ow-pressure, low-temperature powder metallurgy process.
his composite material has been developed to resist impact
trikes and armor piercing using a cellular lattice structure
uniform lattice or gradient lattice architecture) using 3D print-
ng technology. In addition, an impact test method has been
eveloped that provides the ability to apply multiple dynamic

mpacts and in-situ measurements of acceleration-time curves
which indicate the damping capability of the composite). The
esults show the importance of the volume fraction of the
i6Al4V lattice for the impact resistance. We  show that a struc-
ure with a smaller cell size and thinner strut diameter has
dentical performance to a structure with a larger cell size
nd thicker struts. SolidWorks and ANSYS software have been
ombined to model and simulate the penetration depth in
attice-free and lattice-included composites, distortion, defor-

ation, von-Mises stress distribution, and uniform/gradient
attice performance for impact absorption. The finite element

esults illustrate that a uniform lattice structure with a higher
olume fraction can more  efficiently protect against projectile
enetration, while a gradient lattice strengthens the material
gainst distortion/deformation to increase damage tolerance.
;9(6):13842–13854 13853
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