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a b s t r a c t

The impact responses and ballistic resistance of sandwich plates having three different types of hybrid
cores are investigated. The hybrid cores include metallic pyramidal lattice trusses, metallic pyramidal lat-
tice trusses with ceramic prism insertions, and metallic pyramidal lattice trusses with ceramic prism
insertions and void-filling epoxy resin. Three-dimensional (3D) finite element (FE) simulations are carried
out for each sandwich type impacted by a hemispherical projectile. Upon validating the FE simulation
results with experimental measurements, the ballistic limit velocity, energy absorption and failure mech-
anisms for each type of the sandwich as well as the influence of key material, structural and topological
parameters are investigated systematically. Sandwich plates having metallic pyramidal lattice core with
ceramic insertions and epoxy resin filling void spaces are found to outperform the other two sandwich
types. It is also demonstrated that the back face-sheet plays a more significant role than the front
face-sheet in resisting ballistic impacts.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Lightweight sandwich structures with highly porous 2D (two-
dimensional, usually prismatic such as honeycombs) or 3D
(three-dimensional) periodic metallic lattice truss cores have mul-
ti-functional attributes, including high stiffness/strength, energy
absorption, shock mitigation, heat dissipation and sound insulation
[1–7], due mainly from the combined advantage of the metallic lat-
tice core and the composite (hybrid) configuration. In particular, in
recent years it has been established that sandwich structures with
hybrid cores can effectively withstand ballistic impact. The present
paper aims to assess, both numerically and experimentally, the
ballistic responses of hybrid-cored sandwich structures having a
variety of cores, including the pyramidal lattice truss core, the
pyramidal-ceramic hybrid core, and the pyramidal-ceramic–epoxy
hybrid core.

Extensive efforts have been devoted to investigating the im-
pact/ballistic response and energy absorption capability of a wide
range of engineering structures. For typical instance, the penetra-
tion of monolithic or layered metal sheets by a normal incidence
projectile has been widely studied numerically and experimentally
[8–13]. It was found that different nose shapes of the projectile sig-
nificantly affect the energy absorption, the failure mode and the
All rights reserved.
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ballistic limit velocity of the projectile-plate system. Moreover,
the ballistic performance of a double-layered shield could be im-
proved by adjusting the strength and ductility of the two layers
[10,11]. Recent work has demonstrated that porous cellular metals
have excellent impact energy absorption capability, and a few peri-
odic topologies are particularly efficient for mitigating high inten-
sity dynamic loading such as that associated with the impingement
of blast created shock waves [14–16]. In particular, Yungwirth
et al. [17] demonstrated experimentally that, relative to monolithic
plates of equal mass, all-metallic sandwich plates with pyramidal
lattice truss cores displayed substantially higher ballistic resis-
tance against spherical steel projectile penetration. Built upon this
work, Yungwirth et al. [18] investigated experimentally the ballis-
tic behavior of sandwich plates with hybrid cores (e.g., metallic lat-
tice-polymer and metallic lattice-ceramic) and it was found that
the hybrid core could offer huge potential for mending the ballistic
properties of the sandwich. Similar hybrid or composite material
concepts have been exploited to improve the energy absorption
and shock mitigation capability of engineering materials/struc-
tures [19–22].

To explore further the mechanisms underlying the impact re-
sponses and ballistic resistance of novel hybrid-cored sandwich
structures, numerical simulations with the method of finite ele-
ments (FE) are performed on sandwich plates with three different
types of core: metallic pyramidal lattice trusses, metallic pyrami-
dal lattice trusses with ceramic prism insertions, and metallic
pyramidal lattice trusses with ceramic prism insertions and void-
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filling epoxy resin. Upon validating the numerical simulations with
experimental measurement results obtained under hemispherical
projectile impact, the ballistic limit velocity, energy absorption
and failure mechanisms for each type of the sandwich as well as
the influence of key material, structural and topological parame-
ters are investigated systematically. Notice that the ballistic limit
velocity is defined here as the maximum velocity at which a partic-
ular projectile is expected to consistently fail to penetrate armor of
given thickness and physical properties at a specified angle of
obliquity (normal penetration here). Also, whilst the experimental
study presented here is fairly similar to that carried out by Yung-
wirth et al. [17,18], its main purpose is to provide test data (espe-
cially the ballistic resistance of Type II and III sandwiches) that can
used to validate the numerical predictions. Further, the measured
ballistic performance of Type II and III sandwiches under different
projectile impact velocities and the role of the void-filling epoxy
resin have not been reported in the open literature.

2. Problem description

Consider sandwich plates having three different core types as
shown schematically in Fig. 1: (a) pyramidal metallic lattice core
(Type I), (b) pyramidal metallic lattice core with ceramic prism
insertions (Type II), and (c) pyramidal metallic lattice core with
ceramic prism insertions and void-filling epoxy resin (Type III).
Fig. 1. Sandwich plate with: (a) pyramidal metallic lattice truss core (Type I), (b) pyr
pyramidal metallic lattice truss core with ceramic prism insertions and void-filling epoxy
pyramidal lattice core and (e) inserting of ceramic prisms into epoxy-filled pyramidal la
The hybrid-cored sandwich plates are clamp supported and im-
pacted by a hemispherical projectile at the plate center as illus-
trated in Fig. 2. The aim of the study is to investigate
experimentally and numerically the impact responses of each
sandwich type, compare their ballistic limit velocities, and explore
the influence of key material, structural and topological parame-
ters upon the ballistic limit velocity.
3. Numerical model

The commercially available FE package ANSYS is utilized to gen-
erate 3D meshes for each sandwich plate. The meshed model is
then transferred to the explicit integration version of the FE code
LS-DYNA [23] to perform numerical simulations.
3.1. Finite element model

A FE model for each type of the sandwich plate is established
first using 3D reduced integration solid elements (SOLID 164).
For illustration, Fig. 3 compares the FE mesh of pyramidal lattice
truss core with that fabricated using the method of sheet slitting,
expansion and flattening. For simplicity and to ensure the stability
of numerical simulations, the slightly bent (warping) features near
each joint of the actual lattice core are neglected in the FE model.
amidal metallic lattice truss core with ceramic prism insertions (Type II), and (c)
resin (Type III). Assembling procedures for Type III: (d) pouring of epoxy resin into

ttice core.



Fig. 2. Schematic of pyramidal lattice truss-cored sandwich plate with ceramic
prism insertions and void-filling epoxy resin clamp supported at plate edges and
impacted by a hemispherical projectile (bullet) at plate center.
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The region directly under projectile impact is modeled with rela-
tively dense meshes to highlight the penetration details.

The SOLID 164 element is defined by eight nodes having nine
degrees of freedom at each node and, to save computational time
and enhance reliability under large deformation conditions, the
center point Gauss integration rule and hourglass control are ap-
plied. Contacts between the face-sheets and the lattice truss mem-
bers are modeled as ‘‘surface to surface eroding contact’’, which is
defined as contact surfaces that are updated once the elements on
free surfaces of the structures are deleted according to material
failure criteria. To simulate the mechanical performance of the
bonding spots (see Fig. 3a), those between the sub-structures of
the sandwich and the projectile are also modeled as ‘‘eroding con-
tact’’ to emulate the penetration process. Moreover, all the contacts
are defined with a scale factor of 0.5 for sliding interface penalties.
Except for the void-filling epoxy that is simulated by adopting the
Euler elements, all other sub-structures of the sandwich plate as
well as the bullet are meshed using the Lagrange elements, with
the Arbitrary Lagrangian–Eulerian (ALE) method employed to
establish the FE model. To ensure the convergence of the numerical
solutions, the three sandwich structures of Figs. 1 and 2 are
meshed separately with 58450, 148450 and 832150 elements,
and the projectile is meshed with 14000 elements, with minimum
element size 0.16 mm for the projectile, 0.25 mm for pyramidal
lattice truss core, 0.16 mm for central ceramic prism directly under
impact, 0.52 mm for side ceramic prisms, 0.5 mm for the face-
sheets, 0.48 mm for air, and 0.48 mm for epoxy resin, respectively.
The selection of mesh size is a compromise between the accuracy
Fig. 3. Pyramidal lattice truss core: (a) finit
of the numerical simulation results and the computational cost. Fi-
ner and denser elements would have resulted in a much longer cal-
culation time than that for coarser meshes, with only a little gain in
accuracy as confirmed by the mesh sensitivity analysis. Whilst the
present focus is placed upon fully clamped boundary conditions, it
has been established that other types of boundary constraint such
as half clamped and free constraint almost have almost no influ-
ence on the impact behavior of the sandwich under the conditions
as specified in Fig. 2.

3.2. Constitutive models and fracture criteria

Typically, the application of constitutive relations in the present
numerical simulations includes metal explosive shaping, ballistic
penetration and impact. For metallic materials under large defor-
mation and high strain ratio, the J–C constitutive relation and frac-
ture criterion of Johnson and Cook are known to be suitable [24]. In
the current study, the face-sheets, the lattice truss core and the
projectile are all modeled by applying the J–C constitutive relation
and fracture criterion, with stain rate effect accounted for, and the
Mie-Gruneisen equation of state model [23] is applied in conjunc-
tion with the J–C model. For the metallic material (AISI 304 stain-
less steel) examined here, according to the Johnson–Cook model,
the yield stress ry is given by:

ry ¼ ðAþ Ben
pÞð1þ c ln _e�Þð1� T�mÞ ð1Þ

where A, B, m and n are material constants with B and n represent-
ing strain hardening, and ep is the equivalent plastic strain. Further,
the fracture of a material element is defined as:

D ¼
X

Dep=ef ð2Þ

where Dep is the increment of equivalent plastic strain and ef is the
equivalent fracture strain for a given strain ratio, temperature, pres-
sure and equivalent stress.

For ceramic (AD 98 alumina) prism insertions, the Johnson–
Holmquist–Ceramics (JH-2) constitutive relation and fracture
criterion [23] are adopted, which is particularly suitable for
describing the fracture behavior of ceramics under high velocity
penetration [25]. The model assumes that the strength of a ceramic
is closely related with the exerting pressure, strain ratio and
damage of the material, with the damage defined as the ratio of
cumulative strain to failure strain and the relationship between
pressure and specific heat capacity included in the volume effect
of the material. The JH-2 relation reads:

r� ¼ r�i � Dðr�i � r�f Þ ð3Þ

where r�i is the intact, undamaged dimensionless effective stress, r�f
is the damaged dimensionless effective stress, and D is the damage
parameter defined as:
e element mesh; and (b) as fabricated.



Table 1
Material parameters for AISI 304 stainless steel used in Johnson–Cook’s model and Mie-Gruneisen equation of state [27,28].

Young’s modulus E (GPa) Poisson ratio t Density q0

(kg/m3)
A (MPa) B (MPa) n c m

200 0.3 7900 310 1000 0.65 0.07 1.00
Slope of the shock velocity-particle velocity curve S Gruneisen coefficient c0 Elastic wave speed C0 (m/s)
S1 = 1.49, S2 = S3 = 0 1.93 4519

Fig. 4. Experimental setup for measuring ballistic response of hybrid-cored
sandwich plate.

Table 2
Material properties and Johnson–Holmquist–Ceramics (JH-2) parameters for AD 98 alumina used in the numerical analysis [25].

Shear modulus G (GPa) Density q0 (kg/m3) Hugoniot elastic limit HEL (GPa) a n c

151.96 3890 6.57 0.88 0.64 0.07

b m d1 d2 k1 (GPa) k2 GPa) k3 (GPa)
0.28 0.6 0.01 0.7 231 �160 2374
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D ¼
X

Dep=ef
p ð4Þ

Here, Dep represents an integration cycle of the material plastic
strain and ef

p is the material breaking strain.
Due to the low strength of the void-filling epoxy compared with

either steel or ceramic, it is regarded here as a kind of hydrody-
namic material and modeled by applying the Elastic–Plastic–Hydro
constitutive relation; this approach was also taken by Lopez-
Puente et al. [26] to numerically study the effect of adhesive layer
thickness on the ballistic limit velocity of ceramic/metal armors.

The material parameters used in the J–C model and the Mie-
Gruneisen equation of state model for AISI 304 stainless steel are
summarized in Table 1 [27,28], those for AD 98 alumina used in
the JH-2 model are presented in Table 2 [25], and the main mate-
rial constants of the epoxy resin are: mass density 1185 kg/m3,
shear modulus 769 MPa, yield stress 70 MPa.

4. Experimental validation

To check the accuracy of the present FE stimulations, sandwich
plates with three types of hybrid core as shown in Fig. 1 and geo-
metrical dimensions as indicated in Fig. 2 are fabricated and a ser-
ies of experimental measurements are subsequently carried out.

4.1. Test samples

The procedures employed to fabricate the composite lattice
truss-cored sandwiches of Fig. 1 are similar to those described in
Yungwirth et al. [18] and hence not repeated here. The pyramidal
lattice trusses are firstly made from 1.9 mm thick sheet of stainless
steel (AISI 304) using the method of sheet slitting, expansion and
flattening, which are then bonded to 1.5 mm thick AISI 304
stainless steel face-sheets with the transient liquid phase bonding
process. The as-fabricated lattice truss members have square cross-
sections (1.9 mm � 1.9 mm). To fabricate a Type III structure with
pyramidal lattice-ceramic-epoxy core, epoxy resin is firstly poured
into the pyramidal lattice core of Type I structure which is properly
sealed at its edges to prevent epoxy leakage. Subsequently, as cera-
mic prisms are inserted into the epoxy-filled lattice core, excessive
epoxy spills out of the core to ensure the remaining epoxy can ade-
quately fill the void space between the pyramidal lattice and the
ceramic prisms. The ceramic prism inserts are made of AD 98 alu-
mina rods. The hemispherical nosed projectile, diameter 6 mm and
length 15 mm (Fig. 2), is made from stainless steel (AISI 304). Note
that these samples with selected geometrical dimensions are used
mainly to obtain experimental results that can be used to check the
validity of numerical simulations. In subsequent numerical studies,
the structural and topological parameters will be systematically
varied to explore their influence upon the ballistic behavior of hy-
brid-cored sandwiches.

4.2. Experimental measurements

Fig. 4 illustrates schematically the experimental setup, with a
ballistic rifle used to launch the impact projectile. To remove pos-
sible source of variability in the measurements, the rifle is sighted
carefully so that the projectile can impact right at the apex of the
pyramidal trusses connected to the front face-sheet, which is also
the center of the sandwich plate (Fig. 2). A pair of brake screens
spaced 300 mm apart and connected to a timing device is used
to measure the projectile entry velocity. This is achieved by evalu-
ating the ratio of screen spacing divided by the time difference be-
tween the moments separately triggered by the projectile
impacting the first and second screens. In view of the drift effect
in the process of projectile penetration through the sandwich, X-
ray tomography is adopted to measure the exit velocity of the pro-
jectile. In a separate scheme, the exit velocity of the projectile is
determined by evaluating the ratio of the distance between two
projectile shadows in the X-ray native divided by the time differ-
ence between the two triggers.

4.3. Comparison with experimental measurements

Fig. 5 compares the experimental results with the FE simulation
results for the three sandwich types considered in the present
study. Whilst Fig. 5a plots the projectile exit velocity as a function



Fig. 5. (a) Projectile exit velocity plotted as a function of initial impact velocity and (b) ballistic limit velocity plotted as a function of sandwich areal density for three different
hybrid-cored sandwich plates.

Fig. 6. All metallic pyramidal truss-cored sandwich plate (Type I) impacted by spherical projectile made of plain carbon steel: (a) finite element model; and (b) predicted
penetration process of projectile and distribution of Mises stress.

Fig. 7. Finite element simulation results compared with experimental measure-
ments [17] for empty pyramidal lattice truss-cored sandwich plate (Type I)
impacted by spherical projectile (Fig. 6).
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of its initial velocity impacting the sandwich plate, Fig. 5b plots the
ballistic limit velocity as a function of the areal density of the sand-
wich. Overall, good agreement is achieved for each type of the
sandwich, demonstrating the feasibility of using FE simulations
to investigate the ballistic performance of hybrid-cored sandwich
structures.

The results of Fig. 5 show that inserting ceramic prisms alone
into the empty lattice core results in about 100% increase of the
ballistic limit velocity, and the ballistic limit velocity is increased
by about 280% if the insertion is combined with epoxy bonding.
This increase in ballistic limit velocity is however accompanied
by an increase in sandwich areal density by about 100% and
130%, respectively. These results indicate that by integrating the
ceramic insertions, the pyramidal metallic lattice trusses and the
metallic face-sheets as a whole using the infiltrated epoxy, the bal-
listic resistance of the sandwich plate can be significantly en-
hanced, with a moderate increase in its areal density. More
detailed analysis for the ballistic responses of the sandwich is elu-
cidated in subsequent sections.

For further validation, the experimental results of Yungwirth
et al. [17] for empty pyramidal lattice-truss cored sandwich plates
(without ceramic insertions and epoxy resin bonding, Type I) are
compared with the present FE predictions. As illustrated in Fig. 6,
the fully-clamped sandwich plate made of AISI 304 stainless steel
is penetrated by a spherical projectile made of plain carbon steel.
The geometrical dimensions of the sandwich plate and the projec-
tile as well as experimental details can be found in Yungwirth et al.
[17].
At the initial impact velocity of 1206 m/s, whilst Fig. 6a presents
the full scale FE model for the simulation, Fig. 6b shows the pre-
dicted spreading of stress waves in the sandwich structure and
the penetration process of the projectile. Fig. 7 compares the
numerically predicted exit velocity of the projectile with that mea-
sured [17] for selected initial impact velocities. Again, close agree-
ment between simulation and measurement is achieved. Further,
as shown in Fig. 8, the simulated failure modes (e.g., perforation,



Fig. 8. Comparison of numerically predicted and experimental measured [17] local
damage of all metallic pyramidal lattice truss-cored sandwich plate (Type I) after
penetration with spherical projectile.
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plastic bending, fracturing/tearing) of the pyramidal lattice truss-
cored sandwich structure resembles that observed in the experi-
ment [17], demonstrating the capability of the FE approach
adopted in the present study.
5. Results and discussion

The experimentally-validated FE model is employed in this sec-
tion to explore more details concerning the ballistic performance
of the three types of hybrid-cored sandwich plate as shown in
Fig. 1. Unless otherwise stated, the simulation parameters are iden-
tical to those described in the preceding sections.
5.1. Sandwich plate with empty pyramidal lattice truss core (Type I)

Under the conditions as specified in the present study, the sim-
ulation results show that a sandwich plate with empty pyramidal
lattice core (Type I) cannot be fully penetrated by the projectile if
its entry velocity is less than 544 m/s, i.e., the ballistic limit velocity
of the sandwich plate is 544 m/s when the projectile impacts the
plate at its center (Fig. 2). At the ballistic limit velocity, Fig. 9a plots
the energy absorbed by each sub-structure of the plate as a func-
tion of penetration time, with the corresponding failure modes
presented in Fig. 9b. As the projectile trajectory is often altered
by the face-sheets and the core, Fig. 10 plots the velocity of the pro-
jectile perpendicular to the sandwich plate (i.e., Z-velocity) as a
Fig. 9. (a) Energy absorption by each sub-structure plotted as a function of impact time
lattice core (Type I) at initial impact velocity of 544 m/s.
function of penetration time, which is also compared with those
of other sandwich types considered in the present study. Note that,
whilst the black curve in Fig. 10 represents that of the projectile
launched at the initial ballistic limit velocity of 544 m/s for Type
I sandwiches, the remaining curves in Fig. 10 are obtained with
the initial projectile velocity of 1700 m/s for sandwiches with
alternative topologies as well as monolithic plates.

For Type I structures, it is seen from Fig. 10 (black curve) that
the velocity of the projectile sharply drops while penetrating
through either the front or back face-sheet, during the period of
0–16 ls and 46–80 ls, respectively. At 12 ls, the energy absorbed
by the front face-sheet reaches a peak (Fig. 9a) due mainly to local-
ized plastic deformation perforation fracture (Fig. 9b).

The pyramidal lattice core absorbs the impact energy mainly by
large bending deflections of the truss members and fracturing at
the vertices of the connecting joints (Fig. 9b). The truss members
of the central unit begin to crack at 44 ls and become fully frac-
tured at 58 ls corresponding to the inflexion point on the curve
of Fig. 9a.

The back face-sheet absorbs considerably more energy than the
front face sheet (Fig. 9a). The projectile penetrates through the
front face-sheet within 12 ls, leading mainly to perforation frac-
ture. At this point, the pyramidal lattice core is still intact and
hence can still provide support for the front face-sheet to resist
its bending deformation (Fig. 9b). Whereas, the projectile that
has been slowed down by both the front face-sheet and the lattice
truss members penetrates through the back face-sheet over a
much longer time period, inducing not only perforation fracture
but also large plastic deformation of the back face-sheet (Fig. 9b)
because the lattice core has now been much weakened due to se-
vere damage in the central impact regime. At 72 ls the energy ab-
sorbed by the back face-sheet becomes steady (Fig. 9a).

5.2. Sandwich plate with pyramidal lattice-ceramic core (Type II)

The ballistic resistance of sandwich plates with pyramidal lat-
tice-ceramic core (Type II) is examined next, with 1700 m/s se-
lected as the entry velocity of the projectile impacting the
sandwich at its center (Fig. 2). The exit velocity of the projectile,
deformation/failure pattern, and energy absorption capacity of
each sub-structure are concerned. Note that 950 m/s, not
1700 m/s, is the ballistic limit velocity of Type II sandwich plates
(Fig. 5).
and (b) failure modes of sub-structures for sandwich plate with empty pyramidal



Fig. 10. Z-velocity of hemispherical projectile plotted as a function of time at
initial impact velocity of 544 m/s for sandwich plate with empty pyramidal lattice
core (Type I), 1700 m/s for sandwich plate with pyramidal-ceramic hybrid core
(Type II), sandwich plate with pyramidal-ceramic-epoxy hybrid core (Type III),
14.9 mm thick single steel plate, and ceramic-cored sandwich plate (front/back
face sheet: 1.5 mm thick AISI 304 stainless steel; homogeneous ceramic core:
18 mm thick).
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The results presented in Fig. 10 show that the velocity of the
projectile sharply slows down during the period of 6–20 ls, due
mainly to the superior ballistic resistance of the central ceramic
prism. As the projectile penetrates across the sandwich, it is con-
tinuously cut and eroded by the ceramic prism (Fig. 11a). However,
whilst the ceramic insertions reduce the velocity, mass and kinetic
energy of the projectile, the sandwich plate cannot defend the pro-
jectile at the velocity of 1700 m/s. Since the ceramic prisms are
freely inserted into the lattice core, the stress waves generated in
the central impact zone cannot spread to the perimeter ceramic
prisms effectively. Therefore, the ballistic resistance of the sand-
wich is mainly contributed by the central ceramic prism directly
under impact, with the energy absorption capability of the remain-
ing ceramic prisms not fully exploited; see Figs. 11 and 12b later.
Although its ballistic limit velocity is considerably larger than that
of Type I sandwich, this is compromised by considerable increase
in total mass, as previously discussed.
Fig. 11. (a) Evolution of deformation and failure in sandwich plate with pyramidal lattice
sandwich plate with pyramidal lattice-ceramic-epoxy core (Type III) at initial impact ve
5.3. Sandwich plate with pyramidal lattice-ceramic-epoxy core (Type
III)

To simulate the dynamic response and ballistic resistance of
sandwich plates having pyramidal lattice-ceramic-epoxy hybrid
core (Type III), the initial impact velocity of 1700 m/s is selected
since the projectile at this speed can just not perforate the struc-
ture, i.e., it is the ballistic limit velocity of this sandwich type
(Fig. 2). The sandwich plate is composed of two parallel face-sheets
connected by pyramidal lattice core with inserted ceramic prisms,
with epoxy resin providing the bonding between the truss mem-
bers, the face-sheets and the ceramic prisms. As a result, when
the projectile penetrates across the sandwich, whilst the ceramic
prisms slow down the projectile, the stress wave spreads from
the central impact zone to the whole structure due to the bonding
effects of epoxy resin. Towards the end of the penetration, the pro-
jectile is severely eroded by the central ceramic insertion
(Fig. 11b), similar to that observed for the case of Type II
(Fig. 11a). Further, at about 8 ls, the interface between the epoxy
resin layer and the back face sheet cracks and even separates
(Fig. 11b), agreeing well with that observed during the present
experiment.

From the viewpoint of ballistic resistance and energy absorp-
tion, the numerical and experimental results presented here
demonstrate that sandwich plates with pyramidal lattice-
ceramic-epoxy hybrid cores (Type III) outperform the two other
sandwich types (Types I and II). This is because the epoxy resin
is capable of ensuring the integrity of the sandwich, thus there is
significant spreading of stress waves in the structure, leading to a
more smooth projectile velocity curve than that of Type II sand-
wich (Fig. 10). Correspondingly, apart from the central ceramic
prism, the side prisms also fracture as a result of projectile penetra-
tion, which is not observed in Fig. 11a for Type II. Also, as shown in
Fig. 11b, even though the ceramic prisms fracture into small
fragments, these are constrained by the epoxy resin (not shown
directly in Fig. 11b for clarity), providing further resistance to
projectile penetration. Further, due to epoxy bonding effects, the
lattice truss members directly under impact deflect much less
(Fig. 11b) in comparison with those in sandwiches without
void-filling epoxy (Figs. 9b and 11a).

For comparison, the dynamic responses and ballistic resistance
of a single AISI 304 stainless steel plate and a ceramic-cored
-ceramic core (Type II) at initial impact velocity of 1700 m/s, and (b) failure mode of
locity of 1700 m/s (Euler elements for epoxy resin marked for clarity).



Fig. 12. Energy absorption percentage of each sub-structure in sandwich plate with (a) pyramidal lattice-ceramic core (Type II) and (b) pyramidal lattice-ceramic-epoxy core
(Type III); and (c) absorbed total energy normalized by areal density of each sandwich type for selected initial projectile velocities.
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sandwich plate are simulated, and the results are presented in
Fig. 10 together with those for hybrid-cored sandwich plates.
Under the present simulation conditions, it is seen from Fig. 10 that
a 14.9 mm thick single steel plate and a sandwich plate with
1.5 mm thick front/back AISI 304 stainless steel face sheet and
18 mm thick homogenous ceramic core have the same penetration
resistance as that of the sandwich with pyramidal lattice-ceramic-
epoxy hybrid core (Type III), i.e., 1700 m/s. However, the hybrid-
cored sandwich plate achieves this feat at only 40% and 63% weight
of the single steel plate and the ceramic-cored sandwich plate,
respectively. In other words, the pyramidal-ceramic-epoxy hybrid
core can efficiently prolong the penetration period of the projectile,
and hence ensure each sub-structure can deform and absorb the
impact energy sufficiently. This is elucidated further below.
5.4. Energy absorption by sub-structures of hybrid-cored sandwich
plates

Sandwich plates with pyramidal-ceramic and pyramidal-
ceramic-epoxy cores penetrated by hemispherical projectile at
different initial impact velocities are simulated to explore the
energy absorption capability of each sub-structure. The results
are separately presented in Fig. 12a and b in terms of absorption
percentage of the total impact energy.

For sandwich plates with pyramidal-ceramic hybrid core (Type
II), it is seen from Fig. 12a that the front face-sheet plays a domi-
nant role in energy absorption when the impact velocity is below
the ballistic limit velocity. As the velocity is increased, the percent-
age of energy absorbed by the central ceramic prism becomes
increasingly more significant, overtaking that by the front face-
sheet when the ballistic limit velocity is reached; simultaneously,
the energy absorbed by the back face-sheet also exceeds that by
the front face-sheet (Fig. 12a). As the velocity just exceeds the bal-
listic limit velocity, plastic deformation peaks in the back face-
sheet and hence its absorbed energy percentage also peaks. How-
ever, the energy absorbed by the central ceramic prism continues
to rise even beyond the ballistic limit velocity, accounting for about
60% of the total impact energy. In other words, the central ceramic
prism plays a dominant role when the initial impact velocity ex-
ceeds the ballistic limit velocity.

For sandwich plates with pyramidal-ceramic-epoxy hybrid core
(Type III), Fig. 12b shows that either the front face-sheet or the
back face-sheet absorbs more energy than the other sub-structures
including the central ceramic prism, except in the low velocity re-
gime. Due to epoxy bonding effects, the front and back face-sheets
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absorb the projectile energy through not only local perforation
fracture but also, more importantly, plastic deformation beyond
the central impact zone. Contrast to the case without epoxy resin
(Fig. 12a), the back face-sheet now plays a leading role near and
beyond the ballistic limit velocity. At the same time, the central
ceramic prism also absorbs a considerable amount of impact
energy.

For both types of hybrid-cored sandwich, as the initial impact
velocity exceeds 2000 m/s, the energy absorbed by each sub-
structure tends to remain unchanged, as shown in Fig. 12a–b.
Fig. 12c plots the total energy absorption normalized by the areal
density of each sandwich type as a function of initial projectile
velocity. For projectile velocities below about 1000 m/s, Type I
structure is more efficient than Types II and III because of its low
areal density. As the velocity is increased, the superiority of Type
III over the other two sandwich types is clearly established.
5.5. Eroding effects of hybrid-cored sandwich plate on penetrating
projectile

To explore further the mechanisms underlying the elevated bal-
listic limit velocities of Type II and III sandwich plates relative to
that of Type I sandwiches, Fig. 13 plots the relative mass and shape
of the projectile as it exits the sandwich as functions of the initial
impact velocity. The relative mass of the projectile is defined here
as the ratio of its residual mass to initial mass.

For both Type II and III sandwiches, the projectile relative mass
decreases monotonically with increasing initial impact velocity,
accompanied by significant erosion of the projectile. For Type II
sandwiches, as the initial impact velocity exceeds the ballistic limit
velocity, there exists obvious deflection of the projectile upon pe-
netrating across the sandwich; see Fig. 13a. This may be attributed
to the discrete nature of this sandwich type without epoxy resin
bonding, which becomes unstable when subjected to relatively in-
tense impact loading, causing the penetrating projectile to deviate
from its ballistic trajectory. In contrast, such deflection of the pro-
jectile is absent in Type III sandwiches (Fig. 13b), as structural
integrity is ensured by epoxy resin. Further, by comparing
Fig. 13a with b, it can be seen that the projectile exiting Type III
sandwiches is more square and dumpy than that exiting Type II
sandwiches, again due to the constraining effects of ceramic-epoxy
system, resulting in enhanced ballistic performance.
Fig. 13. Relative mass and residual shape of projectile exiting the sandwich plotted as fun
(b) pyramidal lattice-ceramic-epoxy core (Type III).
5.6. Maximum displacement of hybrid-cored sandwich plate

Fig. 14 plots the maximum z-displacement of the back face-
sheet normalized to its thickness as a function of the initial impact
velocity for both Type II and III sandwich plates as the projectile
penetrates across the sandwich. For both sandwich types, the back
face-sheet displacement increases as the impact velocity is in-
creased, peaking when the ballistic limit velocity is reached and
then decreases. For Type III, however, the decrease after reaching
the ballistic limit velocity is relatively small and, as the impact
velocity is further increased, the back face-sheet displacement
starts to increase again (Fig. 14b). This is attributed to the inte-
grated hybrid-core structure of Type III sandwich, enabling the
back face-sheet to absorb considerable amount of total impact en-
ergy through local plastic deformation and shear tearing even after
the ballistic limit velocity is reached. As a result, its protuberance
after projectile penetration is more significant than that of Type
II without using void-filling epoxy resin (Fig. 14a).
5.7. Influence of face sheet thickness on ballistic resistance of hybrid-
cored sandwich

A preliminary optimal design toward maximum ballistic resis-
tance is conducted in this section. Since the sandwich plate with
pyramidal-ceramic-epoxy hybrid core (Type III) displays superior
ballistic resistance relative to other sandwich types, it is further
optimized in terms of face-sheet thickness. To this end, four com-
binations of the front and back face-sheet thicknesses, i.e., (0.5–
2.5 mm), (1–2 mm), (2–1 mm), and (2.5–0.5 mm), are compared
with the reference combination, (1.5–1.5 mm), and the ballistic
limit velocity of each combination is calculated. As the face-sheet
thickness is varied, the pyramidal-ceramic-epoxy hybrid core re-
mains unchanged and hence the total mass of the sandwich is fixed
for the comparison. The results are summarized in Fig. 15. Note
that, in Fig. 15, the face-sheet configurations (1/6–5/6), (1/3–2/3),
(1/2–1/2), (2/3–1/3) and (5/6–1/6) correspond to the face-sheet
thickness arrangements of (0.5–2.5 mm), (1–2 mm), (1.5–
1.5 mm), (2–1 mm) and (2.5–0.5 mm), respectively.

The results of Fig. 15 demonstrate that the ballistic limit veloc-
ity of Type III sandwich depends significantly upon the arrange-
ment of face-sheets having different thicknesses, and the highest
ballistic limit velocity (2200 m/s) is attained by the (1/6–5/6)
ctions of initial impact velocities for (a) pyramidal lattice-ceramic core (Type II) and



Fig. 16. (a) Absorbed total energy and (b) energy percentage of each sub-structure for fi
limit velocities.

Fig. 14. Maximum normalized z-displacement of back face-sheet plotted as a function of initial impact velocity for sandwich plate with (a) pyramidal lattice-ceramic core
(Type II) and (b) pyramidal lattice-ceramic-epoxy core (Type III).

Fig. 15. Ballistic limit velocity of Type III sandwich structure for five different
arrangements of face-sheet thicknesses.
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configuration amongst the five configurations considered. As the
thickness of the front face-sheet is reduced, the ballistic limit
velocity increases monotonically from 1400 m/s for configuration
(5/6–1/6) to 2200 m/s for configuration (1/6–5/6). Consequently,
with the total mass of the sandwich structure fixed, decreasing
the thickness of the front face-sheet whilst increasing that of the
back face-sheet leads to enhanced energy absorption and ballistic
limit velocity.

Fig. 16a presents the absorbed total energy for each configura-
tion at its ballistic limit velocity. It is seen that the (1/6–5/6) con-
figuration, i.e., sandwich with the thinnest front face-sheet and
thickest back face-sheet, has the best energy absorption perfor-
mance, which is consistent with the fact that this configuration
also corresponds to the highest ballistic limit velocity (Fig. 15).
To explore the mechanisms underlying the effect of face-sheet
thickness upon the ballistic limit velocity as displayed in Fig. 15.
Fig. 16b presents the absorbed energy percentage of each sub-
structure at the ballistic limit velocity for each configuration. It
can be observed from Fig. 16b that the energy absorbed by the back
face-sheet in (1/6–5/6), (1/3–2/3), and (1/2–1/2) configurations
possess larger portions than those in (2/3–1/3) and (5/6–1/6),
ve different arrangements of face-sheet thicknesses at their corresponding ballistic
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leading to increased ballistic limit velocity. Though the latter have
thicker front face-sheets, the interaction time between the projec-
tile and the front face-sheet is relatively short due to the initially
high impact velocity of the projectile. At this stage, the front
face-sheet absorbs the impact energy mainly by localized shearing
deformation and perforation fracture, as the integrated hybrid core
can provide sufficient support for it to resist large scale bending
deformation. Once the penetrating process is complete across the
front face-sheet, the projectile is considerably slowed down by
the pyramidal-ceramic-epoxy hybrid core before reaching the back
face-sheet. Since the hybrid core is considerably damaged during
this stage, the bending/shearing deformation regime in the back
face-sheet is considerably broadened in comparison with that in
the front face-sheet. Further, as the front face-sheet thickness is re-
duced (correspondingly, the back face-sheet thickness is increased
due to the constraint of equal mass), the role of the central ceramic
prism increases, peaking when the front face-sheet becomes the
thinnest. Consequently, it may be inferred from Figs. 15 and 16
that a combination of enhanced energy absorption by both the
back face-sheet and the central ceramic prism causes the ballistic
limit velocity to increase with decreasing front face-sheet thick-
ness and increasing back face-sheet thickness. Further, it is inter-
esting to see that the energy percentage absorbed by the side
ceramic prisms is relatively small and nearly independent of the
face-sheet thickness (Fig. 16b).

6. Concluding remarks

A combined theoretical and experimental study on the energy
absorption and ballistic performance of fully-clamped lightweight
sandwich plates with three different types of core has been carried
out, including pyramidal lattice core, pyramidal-ceramic hybrid
core and pyramidal-ceramic-epoxy hybrid core. The following con-
clusions are drawn.

The projectile kinetic energy is absorbed mainly through the
plastic deformation and shear expansion of the face-sheets, the
fracture damage of the solidified epoxy resin and ceramic prisms,
as well as the macroscopically bending deformation of the whole
structure. The high-strength/hardness ceramic prisms inserted in
the pyramidal core can significantly enhance the ballistic resis-
tance of the structure, resulting from the drastic erosion effects
of the ceramic prism on the ballistic projectile. The infiltrated
epoxy resin adheres all the sub-structures as an integrated whole,
thus appreciably improving the ballistic energy absorption capac-
ity of the whole structure. Therefore, sandwich plates with pyrami-
dal-ceramic-epoxy hybrid core possess superior ballistic resistance
and energy absorption capability over those without ceramic in-
serted or epoxy infiltrated. In addition, it is demonstrated that
the back face-sheet plays a more significant role than the front
face-sheet in resisting ballistic impacts. When the total mass of
the sandwich plate is fixed, decreasing the thickness of the front
face-sheet whilst increasing that of the back face-sheet leads to en-
hanced energy absorption and ballistic limit velocity.
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