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ABSTRACT

While an ultralight sandwich construction with cellular core can be tailored to exhibit superior load-bearing
capability and blast resistance, its ballistic performance is typically inferior to its equivalent monolithic coun-
terpart. To improve the projectile penetration resistance while maintaining the capability of load bearing and
blast mitigation, this work proposed a multifunctional sandwich plate with ultra-high molecular weight poly-
ethylene (UHMWPE) fiber metal laminate (FML) skins and aluminum honeycomb core. A combined experimental
and numerical approach was employed to quantify the ballistic performance, assess the penetration process, and
reveal the underlying mechanisms of the novel sandwich construction. In addition to ballistic resistance, its
performance under three-point bending as well as impulsive shock loading was also assessed for multifunctional
applications. Relative to all-metallic honeycomb sandwich plate having identical areal density, incorporating
UHMWPE composite layers into the skin improved significantly the penetration resistance: the failure mode of
the laminate skin was changed from local shear-plugging to global dishing and cracking, enabling enhanced
energy absorption of the thin metallic (titanium) layers. Moreover, the use of UHMWPE FML skin for sandwich
construction led to not only significantly enhanced bending capacity but also reduced maximum deflection under
impulsive shock loading. Hence, the proposed cellular sandwich plate with UHMWPE FML skins can be designed
as ultralight multifunctional structure with simultaneous load-bearing and blast/ballistic resistant capabilities.

1. Introduction

All-metallic sandwich constructions with two thin skins (also known
as face sheets or, simply, faces) and cellular truss cores are ultralight
primary structures that exhibit not only high specific stiffness/strength
[1-6] but also superior energy absorption under impact and blast
loadings [7-9], thus enabling a multitude of engineering applications. In
addition to bearing structural load and absorbing impact energy, a
cellular sandwich plate with fluid-through topology can also serve as a
heat exchanger for active cooling [10-12] or a sound absorber when
micro-perforations (submillimeter scale) are introduced to its skin facing
the incident sound [13,14]. Nonetheless, although it has been estab-
lished that all-metallic cellular sandwich constructions possess attrac-
tive multifunctional attributes, their performance under ballistic
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impacts is no better than monolithic metallic plates of equal mass
[15,16]. In aerospace applications, ultralight sandwich structures
commonly found in modern aircraft and space vehicles are susceptible to
high velocity impact by a variety of objects (projectiles), such as orbital
debris, birds, hailstones, and fragment clusters, which may severely
damage the structure [17]. All-metallic corrugated sandwiches are also
increasingly exploited for marine construction (e.g., ship hulls) due to
high structural efficiency and outstanding mitigation on impact loading
caused by, say, explosion by anti-ship missiles. With great kinetic en-
ergy, these missiles are able to pierce the hull of a naval vessel with
severe perforation, while the fragmentation of warhead casing and
damaged hull structures during explosion generates high-velocity frag-
ment clusters. Therefore, how to design ultralight, structural load-
bearing cellular sandwiches against simultaneous blast and ballistic
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loading remains a critical challenge to be addressed.

The disappointing ballistic performance of ultralight all-metallic
sandwich structures with cellular truss cores is expected, and can be
attributed to two main reasons. First, projectile penetration in such a
sandwich structure causes plug formation in its skins and stretching/
bending or fracture of its core, both being less effective at impeding
projectile penetration than an equivalent monolithic plate that resists
penetration mostly by adiabatic shearing. Second, while the skins (albeit
thin) of the sandwich play a major role in resisting projectile penetration
and energy absorption, the core only plays a minor role [18,19]. In
recent years, to enhance the ballistic resistance of cellular sandwich
structures, the concept of hybrid core construction was proposed. For
instance, filling the cellular core (e.g., triangular corrugations and
square honeycombs) of an all-metallic sandwich structure with ceramic
[20,21] or concrete [22] prisms as well as polymers [23] led to signif-
icantly enhanced ballistic performance. Nevertheless, the proposed
hybrid core with material filling not only increases the weight but also
alters the porous feature of sandwich core important for other attributes
such as energy absorption and active cooling, thus restricting further
applications of sandwich constructions with hybrid cores.

Alternatively, replacing the traditionally monolithic skins of a
sandwich structure with hybrid skins, e.g., fiber metal laminates (FMLs),
has become a fascinating option to elevate its ballistic resistance, espe-
cially for applications in weight sensitive fields such as aerospace en-
gineering. Over the past decades, the FMLs, consisting of alternating
metal layers and fiber-reinforced-plastic layers, have drawn tremendous
interests for unique advantages in low-velocity impact, fatigue resis-
tance, and fracture toughness [24]. For typical instance, numerous
experimental studies have been performed on the ARALLs (aramid fiber
reinforced aluminum laminates) [25], GLAREs (glass fiber reinforced
aluminum laminates) [26,27], and CARALLs (carbon fiber reinforced
aluminum laminates) [28]. In general, the initial failures of the ARALLs
and CARALLs are dominated by fibers, whereas the critical failure
mechanism of the GLAREs is controlled by aluminum layer. Accord-
ingly, due to difference in failure modes, the GLAREs exhibit the highest
impact resistance as the ARALL sand CARALLs can be penetrated more
easily [29].

At present, although the GLAREs have been exploited as the skins of
sandwich structures [30,31], only slight enhancement was achieved in
energy absorption efficiency under high velocity projectile impact [32].
This was because the deformation area of a GLARE skin was mostly
confined to a relatively small area surrounding the impact site [27],
rather than absorbing projectile energy through the more efficient
global deformation. Hence, significant improvement in ballistic resis-
tance has not been achieved. Moreover, existing studies mainly focused
on sandwiches having glass FML skins and cellular foam cores, and little
attention was paid on sandwich constructions with alternative FML skin
types and lattice truss cores. Further, detailed damage modes and failure
mechanisms under ballistic impact were rarely reported.

There has been considerable interest in using ultra-high molecular
weight polyethylene (UHMWPE) fiber composite to construct light-
weight protective structures targeting ballistic impacts, due to its low
density (less than that of water) and high specific strength [33,34].
Abundant experimental and numerical investigations have shown that,
when subjected to high velocity projectile impact, a UHMWPE laminate
typically fails progressively towards eventual large out-of-lane deflec-
tion, thus enabling great energy absorption [35]. For example, under the
impact of either 12.7 mm or 20 mm fragment simulating projectile,
UHMWPE composite laminates were found to be consistently more mass
efficient than polymer composite laminates reinforced by aramid, glass
and carbon fibers [34]. It had also been demonstrated that the UHMWPE
composite has the capability to enhance the ballistic performance of
ceramic/metal bi-layer armors without adding significant weight [36].
In particular, it was experimentally found that the ballistic limit of
UHMWPE FML was about 30 % higher than that of carbon FML having
equal areal density [37]. Consequently, it is envisioned that ultralight
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cellular sandwich constructions with UHMWPE FML skins are promising
for multifunctional applications requiring simultaneous ultralight-
weight, superior load-bearing capability, outstanding impact energy
absorption, and high ballistic resistance. As previously mentioned,
additional attributes can also be achieved with such sandwich con-
structions, such as sound absorption and active cooling.

The current study proposed a novel honeycomb sandwich structure
with UHMWPE FML skins, and the effectiveness of using such novel
skins to enhance the penetration resistance of the sandwich was sys-
tematically explored. Each UHMWPE FML skin was consisted of thin
titanium alloy (Ti-6Al-4V) layers and UHMWPE composite layers. A
combined experimental and numerical approach was employed to
quantify the ballistic performance of the proposed sandwich construc-
tion, assess the penetration process, and reveal the underlying physical
mechanisms. How the configurations and bonding conditions of the
UHMWPE FML skins affect the ballistic response was also discussed. In
addition, for multifunctional applications requiring simultaneous load-
bearing and blast/ballistic resistant capabilities, the performance of
the proposed sandwich under quasi-static three-point bending and shock
loading was characterized and compared with its all-metallic counter-
part having equal areal density.

2. Experimental investigations
2.1. Materials and specimens

The UHMWPE FML skins proposed in the current study were man-
ufactured with thin titanium alloy (Ti-6Al1-4V) layers and thin UHMWPE
composite layers. Targeting aerospace applications, the titanium alloy
was selected for low density and high specific strength. The UHMWPE
composite pre-pregs (HA792, acquired from Beijing Tongyizhong New
Material Technology Co.) were comprised of two orthogonal unidirec-
tional plies, and each pre-preg had a thickness of 0.15 mm. The fibers
had a tensile strength of 3.8 GPa and were bonded by polyurethane
resin, resulting in a fiber volume fraction of 83 %. A total of eight pre-
pregs were hot-pressed at 127 °C under a pressure of 20 MPa, forming
a UHMWPE composite layer with a thickness of 1 mm and an areal
density of 0.96 kg/m>. Each titanium layer had a thickness of 0.5 mm
and an areal density of 2.23 kg/m?2. Epoxy adhesive (Loctite Hysol E-
120HP) was used to bond the UHMWPE composite layer to the titanium
layer. Before bonding, the surfaces of each titanium layer were cleaned
by ultrasonic and ethanol. Subsequently, upon mixing the epoxy resin
and curing agent at a volume ratio of 2:1, the mixture was evenly
applied on each titanium layer. A hand lay-up process was adopted by
alternately stacking the titanium and UHMWPE layers. The resulting
FML assembly was cured at room temperature under a pressure of 6 KPa
for 24 h.

Aluminum hexagonal honeycombs made of 3003-H18 (acquired
from Beijing Honeyfei New Materials Co.) were chosen as the sandwich
core and bonded to the UHMWPE FML or titanium skins by epoxy ad-
hesive; Fig. 1(a). As illustrated in Fig. 1(b), each hexagonal cell (side
length L, = 2 mm) was consisted of four single-thickness walls (T, =
0.05 mm) and two double-thickness walls. For the present sandwich
construction, the height and area density of honeycomb core were fixed
at H, = 20 mm and 2.7 kg/m?, respectively.

Three different types of square sandwich specimen, with side length
fixed at L = 300 mm, were fabricated for ballistic testing, as shown in
Fig. 1(c) and Table 1. The sandwich specimens had the same honeycomb
core but different skins. Specimen type ‘MF’ implied that 2 mm mono-
lithic titanium plates were used as skins, Specimen type ‘FML-S’ indi-
cated that its FML skins consisted of a single UHMWPE composite layer
and two titanium layers, while Specimen type ‘FML-D’ indicated its FML
skins had two UHMWPE composite layers and three titanium layers. For
the ‘MF’ and ‘FML-S’ specimens, the same sandwich thickness was
maintained and hence the latter was about 34 % lighter in weight. In
contrast, the ‘MF’ and ‘FML-D’ specimens had similar areal densities to
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Fig. 1. Schematic of (a) honeycomb sandwich panel with UHMWPE FML skins, (b) hexagonal honeycomb, and (c) monolithic titanium skin and FML skins.

Table 1
Configurations of sandwich specimens.
Specimen Skin Honeycomb core Areal
type Configuration Ts H. L. T. ?lfg/s:;};)
(mm) (mm) (mm) (mm)
MF Ti 2 20 2 0.05 20.50
FML-S Ti/PE/Ti 0.5/1/ 13.52
0.5
FML-D Ti/PE/Ti/PE/ 0.5/1/ 19.89
Ti 0.5/1/
0.5

allow for direct comparison of ballistic performance. Note that, for the
skins of both ‘FML-S’ and ‘FML-D’ specimens, each UHMWPE composite
layer is sandwiched between two titanium layers such that the latter is
directly bonded to the honeycomb core, not the former.

2.2. Protocol for ballistic impact tests

With reference to Fig. 2, ballistic impact tests of as-fabricated sand-
wich specimens were conducted using a nitrogen gas gun. During the
tests, the projectile was accelerated by the gas gun to impact at the
center of each specimen at normal incidence. Cylindrical blunt pro-
jectiles made of AISI4340 steel were selected, each having a diameter of
7.62 mm, a length of 20 mm and a mass of 7.1 g. Since the diameter of
the gas gun barrel was 10 mm, a sabot made of polyethylene was
designed to carry the projectile. During the impact tests, it was observed
that the sabot was attached behind the projectile, as discussed later in
Section 4.1. Due to the low density and strength of the sabot material,

Sandwich panel

Projectile

Gas gun barrel

High speed camera

Fig. 2. Experimental setup of ballistic impact test and clamp condition of
sandwich specimen.

the influence of sabot on ballistic response was neglected in the present
study. The gas pressure in a chamber was used to control the projectile
velocity, which ranged from 350 m/s to 650 m/s. Four clips were used to
clamp each sandwich specimen to the fixture. A high-speed camera (IX I-
SPEED 510) was used to capture the impact and residual velocities of
each projectile and record its dynamic penetration process across the
sandwich specimen. The exposure time and frame rate were set to be 2
ps and 100,000 FPS, respectively. Thus, the time interval between two
sequentially captured pictures was 10 ps.

3. Numerical simulations
3.1. Finite element model

Three-dimensional finite element (FE) models were established with
the commercial software LS-DYNA, as shown schematically in Fig. 3(a).
In general, the honeycomb could be modeled by an equivalent homo-
geneous core, and the corresponding effective material properties could
be obtained from either theoretical or computational methods [38,39].
However, in high-velocity impact events, the damage of honeycomb
would be concentrated around the impact location, and the local
crushing was much more serious than the global deformation. There-
fore, the real geometry of honeycomb core was employed in FE simu-
lations to capture the ballistic response with sufficient accuracy.

Since the sandwich specimens for impact tests were large enough
with respect to the selected projectile, and the experimentally observed
deformation region of each specimen was much smaller than the length
of the sandwich. Further, as the relatively weak constraint was applied
to sandwich specimens in the impact experiments (as shown in Fig. 2),
the edge condition was approximated as free boundary, i.e., no bound-
ary conditions were imposed on sandwich plates in the FE models. It has
been well established that the free boundary was suitable for simulating
the penetration process of large target plates [22,35]. As the initial
loading condition, the initial velocity of each projectile was defined.

The skins of each sandwich and the projectile were all meshed by the
reduced integration solid elements (SOLID 164), while the honeycomb
core was modelled using shell elements (SHELL 163) with Belytschko-
Wong-Chiang formulation [40]. For ‘MF specimen, a mesh refinement
study was performed and demonstrated that the predicted residual ve-
locity increased with the decrease of element size. The numerical
convergence could be reached for cases with the element size smaller
than 0.67 mm. Therefore, a global mesh size of 0.5 mm was employed
for the projectile and the honeycomb core. For titanium skins, a biased
mesh was adopted, with mesh details of ‘MF’ specimen displayed in
Fig. 3(b). Each titanium layer was divided into three elements in the
thickness direction, with an in-plane length of 0.67 mm. For each
UHMWPE composite layer with the thickness of 1 mm, two elements
were meshed in the thickness direction, with an in-plane mesh size of
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Fig. 3. (a) Finite element models for ‘MF’, ‘FML-S’ and ‘FML-D’ sandwich specimens and (b) mesh details of ‘MF’ specimen.

0.5 mm. The total number of elements in the ‘MF’ model was 2488550,
while those in the ‘FML-S’ and ‘FML-D’ models were 2,553,350 and
2747750, respectively. According to the mesh sensitivity analysis, the
above meshing sizes were sufficient for numerical convergence, and
further mesh refinement had little improvement on the accuracy but
greater sacrifice of computational time.

Surface-to-surface tiebreak contacts were adopted to simulate the

bond between adjacent UHMWPE composite and titanium layers. Ac-
cording to the properties of cured epoxy adhesive, a normal failure
strength I, of 41 MPa and a shear failure strength I; of 30 MPa were
defined [41]. The failure criterion of adhesive bonding was thence given
by:
P+ G2 &
where ¢, and o; were the normal and shear stresses at the bond. When
the failure criterion was met, delamination/debonding occurred.
Further, nodes-to-surface tiebreak contacts were used to simulate ad-
hesive bonding between the skins and the honeycomb core, with the
same cohesive strengths adopted. Eroding contact options were applied
between the projectile and sandwich components. An hourglass control
methodology was employed to counter the non-physical modes of
deformation.

3.2. Material constitutive models

Mechanical responses of the metallic materials used in current ex-
periments - titanium for the skins, steel for the projectiles, and
aluminum for the honeycomb core — were simulated with the well-
established Johnson-Cook (JC) constitutive law, which was applicable
to large deformation, with effects of strain rate, strain hardening, and
thermal softening accounted for. According to the JC constitutive law,
the flow stress 6, was expressed as [42]:

6, = (A+B&")(1 +cn&" ) (1 -T™) 2

where A, B, ¢, n and m were material constants, & was the effective
plastic strain, £ was the effective plastic strain rate, and T" was the
dimensionless temperature. In addition, the strain at fracture ¢ was
given by [42]:

¢ = (d + doexp®® )(1 + diylné")(1 + dsT") 3)

where dj, d, d3, d4 and ds were material constants, and ¢* was the stress
triaxiality. Table 2 listed relevant material parameters for steel
AISI4340, titanium Ti-6Al-4 V, and aluminum 3003-H18, all taken from
existing studies [19,42,43].

The UHMWPE cross-ply composite was simulated using a composite

Table 2
Material constants for steel AISI 4340 [42], titanium Ti-6Al-4 V [43], and
aluminum 3003-H18 [19].

Material Constants AISI 4340 Ti-6Al-4 V 3003-H18
Density, p (g/cm®) 7.8 4.45 2.68
Shear modulus, G (GPa) 77.0 41.9 25.4
Static yield strength, A (GPa) 0.95 0.86 0.214
Strain hardening constant, B (GPa) 0.51 0.331 0.143
Strain hardening exponent, n 0.26 0.34 0.36
Strain rate constant, ¢ 0.014 0.012 0.015
Thermal softening exponent, m 1.03 0.6 1.7
Reference strain rate, &g shH 1.0 1.0 1.0
Melting temperature, t,, (K) 1793 1875 893
Specific heat, C, (J/kg K) 477 560 875
Damage constant,d; 0.05 -0.09 1.0
Damage constant,da 3.44 0.27 0
Damage constant,ds —2.12 0.48 0
Damage constant,ds 0.002 0.014 0
Damage constant,ds 0.61 3.87 0

damage model for solid elements, i.e., the material type #59 within LS-
DYNA: the composite was taken as orthotropic elastic, with equal
properties along both fiber directions denoted separately by subscripts
‘x> and ‘y’. Three failure modes were activated, with corresponding
criteria summarized in Table 3, while the elastic stiffness and strength
parameters taken from references [35,44] were listed in Table 4. Values
of the three shear strengths (Syy, Sxz, Sy;) were set to infinite due to the
large shear strain at failure typically measured for UHMWPE composites
[45]. Accordingly, in-plane tensile failure and through-thickness
compressive failure modes were mainly dominated by the correspond-
ing tensile strengths (Txy, Tyy) and compressive strength (C;;). Once a
failure mode was triggered, the corresponding stiffness would be
degraded. The degradation occurred only in the corresponding direction
without affecting the other stress criteria computation, which was
quantified by introducing scaling factors. It took 100 time-steps for the
corresponding scaling factors to change from a starting value of 1.0 to a

Table 3
Failure criteria of UHMWPE cross-ply composite.
Failure mode Criterion
In-plane tensile failure 2 2 2
P (=) 4 (2) + (=) = (6]
T Sy Sus
2 2 2
ayy) rxy) ryz>
W (22} (22) > )
(Tyy (sxy (sﬂ ~
Through-thickness o 2 Cs 2 Ga )
compressive failure o+ sﬂ) [(sz ¥ Sﬂ> - 1} [Caz|

ARG AN
(sx) + (syz> 1
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Table 4

Material parameters for UHMWPE cross-ply composite [35,44].
Property Value
Young’s modulus, Ey, Eyy (GPa) 34.257
Young’s modulus, E,, (GPa) 5.1
Poisson ratio, vy, 0
Poisson ratio, vy, gy 0.013
Shear modulus, G, (GPa) 0.1738
Shear modulus, G, G,, (GPa) 0.5478
Compressive strength, C,, (GPa) 1.74
Tensile strength, Txy, Ty, (GPa) 1.25

final value of zero, thereby reducing the stress components to zero. Thus,
the degradation was performed over a small computational time, cor-
responding to a rapid decay of the stress-strain relationship [46].
Further, element deletion was controlled by a tensile strain of 0.4 and a
compressive volumetric strain of 0.8 [44].

4. Results and discussion
4.1. Experimental observations

The results obtained from the present ballistic impact tests were
summarized in Table 5 and plotted in Fig. 4. Within the range of impact
velocity considered, all the sandwich specimens were perforated. Since
the steel projectile was sufficiently stiff relative to the skins and hon-
eycomb core, its mass remained unchanged after impact. Energy con-
servation thence dictated that the energy absorbed by each specimen
could be calculated based on the initial and residual kinetic energies of
the projectile. Moreover, specific energy absorption (SEA) was obtained
by dividing the impact energy absorbed by each specimen by areal mass
density, which represented its energy absorption capacity per unit areal
mass density.

From Fig. 4(a), it was found that, for similar impact velocities, the
residual velocity of specimen ‘FML-D’ was the smallest among the three
specimen types, thus implying its enhanced resistance to projectile
penetration. Irrespective of specimen types, the SEA increased with
increasing impact velocity, as shown in Fig. 4(b). Upon comparing the
SEA values of ‘MF-500' and ‘FML-D-456’ (‘MF-500' denoted a ‘MF’
specimen impacted at 500 m/s while ‘FML-D-456' denoted a ‘FML-D’
specimen impacted at 456 m/s; similar denotations applied to other
specimens in subsequent analysis), a significant improvement in energy
absorption (>23 % for SEA) could be observed. For impact velocities
below 500 m/s, ‘MF’ and ‘FML-S’ exhibited similar SEAs, but the latter
had a smaller SEA when the impact velocity reached 600 m/s. As dis-
cussed later in Section 4.3, the unexpected inferior performance of ‘FML-
S’ was attributed to its poor ability to deform a steel projectile.

Fig. 5 presented images captured via a high-speed camera, which
showed sequentially the process of projectile penetrating a ‘MF’ spec-
imen at 405 m/s, a ‘FML-S’ specimen at 350 m/s, and a ‘FML-D’ spec-
imen at 456 m/s. It could be seen that, before impact, the sabot was

Table 5
Experimental results for three different types of sandwich specimens subjected
to ballistic impacts.

Specimen Number  Impact Residual Absorbed Specified
type velocity velocity energy (J) energy
(m/s) (m/s) absorption
J <m2/kg)

MF 1 405 256 349.64 17.06

2 500 368 406.74 19.84

3 611 476 520.95 25.41
FML-S 1 350 250 213.00 15.75

2 468 384 254.07 18.79

3 622 544 322.87 23.88
FML-D 1 456 267 485.09 24.39

2 550 389 536.69 26.98
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Fig. 4. Experimentally measured (a) residual velocity and (b) specific energy
absorption plotted as functions of initial impact velocity for three different
types of sandwich specimen.

attached behind each projectile and the two had the same velocity. As
soon as impact occurred on each target plate, sparks were observed to
burst from the impact location. The projectile then started to penetrate
into the target, while the much weaker sabot was stopped by the front
skin of the target and became fully shattered. For the three different
specimen types shown in Fig. 5, the rear skin of each did not deform
before 70 ps; at around 80 ps, its out-of-plane deformation could be
observed. For the ‘MF’ specimen, a plug was ejected in front of the
projectile with sparks. For the ‘FML-S’ and ‘FML-D’ specimens, no such
plug and sparks were observed: instead, bulges grew from each rear skin,
thus indicating that the FML skin could attain a larger deformation
under ballistic impact than its monolithic titanium counterpart. Finally,
the projectile tore the bulge and left the target with fractured fibers. It
should be noted that although the ‘FML-D’ specimen achieved a residual
velocity similar to the other two specimen types, it was impacted at the
highest velocity, thus its ballistic performance was superior to the other
two.

Failure modes of the ‘MF’ specimen were displayed in Fig. 6(a). Local
deformation features were observed on both the front and rear titanium
skins (each 2 mm thick), and the penetration was dominated by plugging
due to adiabatic shear, causing ~ 8 mm diameter circular holes. For
closer examination of the honeycomb core, both titanium skins were
removed from the specimen. From the front view (i.e., viewing from the
direction of projectile impact), the honeycomb core deformed by
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Fig. 5. High-speed camera photographs showing (from left to right) the penetration process of a ‘MF’ specimen impacted at 405 m/s, a ‘FML-S’ specimen impacted at

350 m/s, and a ‘FML-D’ specimen impacted at 456 m/s.

(a) | MF-405

:_;Regg)ving the]
1 facesheet

‘ ﬁemoving\
4 .__,,\,-‘acesheet

o\}ing the
esheet

Fig. 6. Experimentally observed deformation and failure modes of (a) ‘MF’ and (b) ‘FML-D’ specimens.

buckling and folding around the impact region. From the back view, cell
wall folding was not obvious but lateral compression was visible, which
might be caused by splashy sparks generated by the collision between
the projectile and the rear titanium skin. In comparison, for the ‘FML-D’
specimen shown in Fig. 6(b), the indented area was larger on its front

FML skin while the failure mode of its rear FML skin was dominated by
dishing and cracking. Further, four tearing cracks were observed in the
outmost titanium layer of the rear FML skin and the adjacent UHMWPE
composite layer was rebounded, resulting in debonding failure. Upon
removing both FML skins, localized indentation failure of the



R. Zhang et al.

honeycomb core was observed, while the adhesive film remained
attached. Nonetheless, in contrast to the case of ‘MF’, lateral compres-
sion of honeycomb core was not observed in ‘FML-D’, corresponding to
the disappearance of sparks observed from high-speed images.

Fig. 7 presented photographs taken from the side view for the three
different types of specimen impacted at selected initial velocities. For all
impact velocities considered, the rear FML skins exhibited larger
deflection and deformation area, which was responsible for higher en-
ergy absorption and lower residual projectile velocity. In addition, skin-
core debonding was found in all the ‘MF’ specimens. In sharp contrast,
debonding between the FML skin and honeycomb core was not visible,
while debonding between the UHMWPE and titanium layers occurred in
the FML skins. Fig. 8 presented cross-sectional views of selected sand-
wich specimens after projectile impact. In the ‘MF’ specimen, more se-
vere debonding between its front skin and honeycomb core was found
than either the ‘FML-S’ or ‘FML-D’ specimen. As for the FML skin, either
front or rear, delamination between its outmost titanium layer and
UHMWPE composite layer was more pronounced.

4.2. Model validation

The developed FE models were quantitatively validated by
comparing the calculated residual velocities of the projectile with those
experimentally measured, as presented in Table 6: overall, good agree-
ment was achieved for all the three types of sandwich specimen
considered. Fig. 9 plotted the numerically simulated deformation and
failure modes for selected specimens. While the bulge deformation of
FML skins and local deformation of titanium skin were well simulated,
the failure modes of all skin types were also well captured. Further, the
morphology of honeycomb core was reproduced well relative to that
observed experimentally (e.g., the inserts of Fig. 9 for the ‘MF’ spec-
imen). In summary, the validity of FE models developed in this study
was established.

4.3. Mechanisms underlying projectile penetration

In the following section, the validated FE models were employed to
explore in more detail the physical mechanisms underlying projectile
penetration. Fig. 10 compared the simulated penetration processes of
‘MF’ and ‘FML-D’ specimens, both impacted at 500 m/s. For the ‘MF’, its
front titanium skin was perforated within the first 10 microseconds. The
projectile reached the rear titanium skin before 60 ps, resulting in a faint
bulging deformation, followed by shear plugging (as seen in 80 ps). As
for the ‘FML-D’, complete penetration of its front FML skin was
considerably delayed to 20 ps, so the interaction of the front skin with
honeycomb core was stronger, resulting in a larger indentation area. At
60 ps, the projectile just reached the rear skin, causing it to deform till
perforation at 110 ps. It was worth noting that the rupture of titanium
layer occurred at 80 ps, while the UHMWPE composite layers remained
intact. In this case, due to the pushing of the adjacent UHMWPE layer,
the deformation area of the titanium layer continued to increase, until

Hole FML-S-468

Fig. 7. Side views of three different sandwich specimens after projectile penetration at varying initial impact velocities.
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Fig. 8. Cross-sectional views of three different sandwich specimens after pro-
jectile penetration at similar impact velocities.

Table 6
Residual velocities of projectile: comparison between experiment and FE
simulation.

Specimen Number  Impact Residual velocity (m/s) Error
type ;/)e locity (m/ Experiments FE )
simulations

MF 1 405 256 257 0.36
2 500 368 353 4.08
3 611 476 468 1.68

FML-S 1 350 250 216 13.60
2 468 384 363 5.47
3 622 544 522 4.04

FML-D 1 456 267 225 15.73
2 550 389 382 1.80

the UHMWPE layer was penetrated; Fig. 10(b).

For the three specimen types considered, Fig. 11 compared the
numerically calculated energy absorption of individual constituents in
each sandwich type, with the initial impact velocity fixed at 500 m/s.
For the ‘MF’ specimen, the energy was mainly absorbed by deformation
of the front titanium skin, the rear titanium skin and the projectile, while
the honeycomb core contributed little to penetration resistance. For the
‘FML-S’, while the UHMWPE layer exhibited excellent energy absorp-
tion capability, the FML skin was not hard enough to deform the pro-
jectile for the relatively soft UHMWPE layer reduced the stiffness of the
FML skin in comparison with its monolithic counterpart. Thus, the en-
ergy absorbed via plastic deformation of the projectile was considerably

Ww;'mﬁw{ 'l ']
|

Petalling

FML-D-550

40 mm
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Fig. 10. Numerically simulated penetration processes of (a) ‘MF’ and (b) ‘FML-D’ sandwiches impacted at 500 m/s.

reduced, from 126 J to 67.7 J, leading to inferior performance of the
‘FML-S’. As for the ‘FML-D’, although the mass of titanium layers was
only three-quarters of that used in the ‘MF’, the energy absorption of the
rear titanium sheets was increased by 24 % due mainly to the transition
of deformation modes. As the thickness of a FML skin was increased, the
energy dissipated by plastic deformation of the projectile also increased.
Meanwhile, the mass proportion of UHMWPE layers in ‘FML-D’ was
19.3 %, but the corresponding energy absorption proportion was 21.7
%. Thus, the superior penetration resistance of ‘FML-D’ could be

attributed to the enhanced energy absorption efficiency of titanium
layers and incorporation of the UHMWPE composite layers.

4.4. Parametric analysis

In this section, based upon FE simulations, how the number of layers
in a FML skin, the thickness distribution of thin titanium layers, and the
bonding condition of FML skins would affect the residual velocity of
projectile were quantified. The various types of FML skin discussed had
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Fig. 11. Energy absorption of different components at an impact velocity of
500 m/s.

the same total thickness and areal density as the ‘FML-D’, as illustrated
in Table 7. Notably, to maintain the same areal density, the thickness of
‘FML-S’ skin shown in Table 7 was different from that used in the impact
experiments.

4.4.1. Number of layers in FML skin

First, the dependence of residual velocity on the number of layers in a
FML skin was investigated, with the initial impact velocity fixed at 500
m/s. Specimen ‘FML-T” or ‘FML-Q’ indicated that its FML skins consisted
of three or four UHMWPE composite layers (Table 7), respectively. As
shown in Fig. 12(a), the residual velocity dropped significantly as the
number of layers was increased, but the slope gradually decreased.
Selected failure modes indicated that the larger out-of-plane deforma-
tion of a FML skin with more layers contributed to enhance the ballistic
performance of the sandwich. This result was consistent with previous
investigations wherein the penetration resistance of UHMWPE lami-
nates was found to be improved as the number of UHMWPE lamina was
increased [44,47].

4.4.2. Thickness distribution of titanium layers in FML skin

Fig. 12(b) presented the effect of stacking sequence of titanium
layers in a FML skin on residual velocity of projectile. With the initial
impact velocity fixed at 500 m/s, five sandwich specimens with different
thickness distributions of front and rear titanium layers were investi-
gated, as shown in Table 7. For convenience, let the number symbol ‘I-II’
refer to thickness fractions of front and rear titanium layers, e.g., ‘0-1’
denoted 2 mm UHMWPE/1.5 mm titanium, and ‘1/3-2/3' denoted 0.5
mm titanium/2 mm UHMWPE/1 mm titanium; Table 7. As illustrated in

Table 7
Ilustration of different FML configurations considered in parametric study.

FML type Configuration of the skin

Number of layers FML-S

FML-D

FML-T

FML-Q
Thickness distribution of titanium layers ‘0-1
‘1/3-2/3
1/2-1/2'
2/3-1/3'

“1-0'
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Fig. 12(b), the residual velocity varied significantly as the configuration
of FML skin was altered. Corresponding failure modes (only those of ‘0-
1’ and ‘1-0' displayed in Fig. 12(b) for brevity) demonstrated that, for
either the front or rear FML skin, its front titanium layer was perforated
with slightly local deformation, while its rear titanium layer could
absorb more energy via larger out-of-plane deformation. However, the
deformation of UHMWPE composite layer in the FML skin was restricted
by the titanium layer placed behind it, thus weakening its energy ab-
sorption efficiency. These competing mechanisms led to the non-
monotonic variation trend of residual velocity shown in Fig. 12(b).
For the ‘0-1’ configuration, the energy was mainly absorbed by the ti-
tanium layer and the UHWMPE composite layer, and the penetration
resistance was the highest among the 5 configurations considered. For
the ‘2/3-1/3' configuration, although the energy absorbed by the
UHMWPE layer was increased, the energy absorption of titanium layer
was greatly decreased, resulting in the worst performance.

4.4.3. Bonding condition

The effect of bonding conditions on residual velocity was also
explored numerically. To this end, the configuration ‘1/2-1/2' (i.e.,
stacking order of FML skin was 0.75 mm titanium/2 mm UHMWPE/
0.75 mm titanium) was selected, with three different types of bonding
condition investigated, as shown in Fig. 13. The condition of ‘actual
bonding’ corresponded to the case of interface normal strength 41 MPa
and an interface shear strength 30 MPa, as described in Section 3.1.
Unexpectedly, the residual velocity of the projectile after perforating the
sandwich specimen was not sensitive to the bonding conditions
considered. This result implied that, when the initial impact velocity
exceeded the ballistic limit, the energy dissipated via interface delami-
nation of the FML skins played a minor role in total energy absorption.
However, for practical applications, well-bonded FML skins are required
for the multifunctional sandwich construction to achieve simultaneous
load-bearing and blast/ballistic resistance.

4.5. Multifunctional properties

Traditionally, cellular sandwich plates are envisioned as lightweight
load-bearing structures for a wide range of military and civil applica-
tions. However, during service, in addition to carry structural loads,
these sandwich plates are often subjected to combined blast and frag-
ments loading caused by, say, cased explosives. It is thus of importance
to investigate the multifunctional properties of ultralight cellular sand-
wich plates with UHMWPE FML skins. The results presented in previous
sections have demonstrated that the ballistic performance of all-metallic
cellular sandwich plates could be enhanced by using UHMWPE FML
skins. In this section, to check how the UHMWPE FML skins would affect
the other attributes of the proposed sandwich construction, the three-
point bending performance and the blast resistance of ‘FML-D’ speci-
mens were evaluated numerically. For illustration, sandwich beams with
length 160 mm and width 40 mm were modeled. For comparison, cor-
responding ‘MF’ specimens were also numerically simulated.

The sandwich beam subjected to three-point bending was simply
supported, with a span distance of 100 mm between the two supports.
Both the indenter and supports had a diameter of 8 mm, and were
treated as rigid bodies. A constant loading speed of 0.08 m/s was applied
to the indenter, which had been shown to be sufficiently accurate and
computationally efficient for the simulation of quasi-static loading [48].

Fig. 14(a) compared the force versus displacement curves of ‘FML-D’
and ‘MF’ specimens. Replacing the titanium skins with the UHMWPE
FML skins altered considerably the bending response of the sandwich
beam, elevating significantly its load-bearing capacity. For both the
‘FML-D’ and ‘MF’ specimens, after the initial linear elastic stage,
nonlinear increase in force was initiated by local compressive yielding of
honeycomb core under the indenter: as shown in Fig. 15(a), plastic
buckling and progressive folding of honeycomb core was found near the
indenter, and additional plastic buckling could also be observed near the
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Fig. 13. Influence of bonding condition on residual velocity at selected impact
velocities for FML configuration ‘1/2-1/2'.

two supports. However, a premature failure of ‘FML-D’ happened at a
peak load of 6459 N, corresponding to a displacement of 1.25 mm,
which was attributed to the debonding between titanium and UHMWPE
layers. Thus, additional simulation was conducted to characterize the
bending performance of ‘FML-D’ with perfect bonded UHMWPE FML
skins. As shown in Fig. 14(a), with perfect bonding, premature failure
was eliminated in the ‘FML-D’ sandwich and the peak force could be
increased by 57.3 % compared to its ‘MF’ counterpart.

It has been well established, both experimentally and numerically,
that the blast loading on a target could be simulated by the impacting of
aluminum foam projectile [49,50]. This technique was employed here to
numerically assess the dynamic responses of sandwiches at laboratory
scale. Specifically, the sandwich beam subjected to foam impact was
end-clamped, with the corresponding nodes fixed in the FE model.

10

Cylindrical closed-cell aluminum foam with a diameter of 40 mm and a
length of 80 mm was used. The aluminum foam had a density of 378.3
kg/m?® and a plateau stress of 4.1 MPa. With the stress versus strain curve
of aluminum foam taken from our previous study [50], the *MAT -
CRUSHABLE_FOAM constitutive model in LS-DYNA was adopted. The
impact velocity of foam projectile was set as 200 m/s, yielding an initial
impact impulse of 6 kPa-s.

Fig. 14(b) plotted the mid-span deflection as a function of time for
‘MF’, ‘FML-D’ and perfect bonded ‘FML-D’ specimens. Irrespective of
sandwich types, the curve increased monotonously to the maximum
deflection, followed by an elastic spring back. Although debonding of
the ‘FML-D’ specimen was activated during deformation, as shown in
Fig. 15(b), its maximum deflection was 7.3 mm, which was slightly
smaller than that (8.1 mm) achieved by the ‘MF’ specimen. As for the
deformation modes, core compression near the mid-span and core shear
near the clamped ends could be observed. Meanwhile, the front part of
honeycomb core suffered plastic buckling and progressive folding. The
perfectly bonded ‘FML-D’ performed worse than the ‘FML-D’ specimen,
which could be attributed to boundary failure of the front skin of the
former. Nonetheless, the proposed sandwich plate with UHMWPE FML
skins was superior to its all-metallic counterpart, due likely to its higher
bending resistance shown in Fig. 14(a). It was thus confirmed that
replacing the titanium skins of an all-metallic cellular sandwich plate
with UHMWPE FML skins not only enhances significantly its ballistic
resistance, but also improves its load-bearing capability and blast
resistance at the same areal density.

5. Concluding remarks

The main objective of this investigation was to enhance the ballistic
performance of ultralight multifunctional cellular sandwich structures
without compromising their load-bearing capability and other attributes
like energy absorption under impact and blast loadings. Honeycomb
sandwich plates with UHMWPE FML skins were proposed, and the
effectiveness of using such novel skins to enhance the penetration
resistance of sandwich was experimentally explored. Finite element
models were validated by comparison with the experimental data, and
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Fig. 14. Comparison between ‘FML-D’ and ‘MF’ specimens: (a) force versus displacement curve under quasi-static three-point bending and (b) dynamic response

under simulated blast loading.

Fig. 15. Deformation and failure modes of ‘MF’ and ‘FML-D’ specimens under (a) quasi-static three-point bending and (b) simulated blast loading.

used to investigate the underlying mechanisms and the influence of
structural configurations. In addition, the performance under three-
point bending as well as impulsive shock loading was also assessed for
multifunctional applications. Based on the results, four main conclu-
sions were obtained:

(1) Replacing the titanium skins with UHMWPE FML skins improved
significantly the specific energy absorption with the increase
exceeding 23 %, in contrast to the all-metallic honeycomb
sandwich having the same areal density. However, no enhance-
ment occurred when maintaining the same thickness (by saving
34 % weight), as the ability of skins to deform the projectile was
reduced.

(2) The complete perforation time of the sandwich with UHMWPE
FML skins was considerably delayed by tens of microseconds. For
the titanium skins, perforation was accompanied by shear-
plugging with weak local deformation, while the FML skins suf-
fered from considerably larger out-of-plane bending deflection
and failed by cracking and petaling. Moreover, the deformation
region of honeycomb core for sandwiches with FML skins was
much larger than that for sandwich with single titanium skins,
thus dissipating more impact energy of the projectile.

(3) The kinetic energy of projectile was mainly absorbed by defor-
mation of the projectile and skins. For FML skins, the metal layers
failed before the composite layers. However, interaction between
adjacent layers enhanced the energy absorption efficiency of
metal layers, due mainly to changes in deformation modes of the
skins.
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(4) Increasing the number of layers in a UHMWPE FML skin reduced
significantly the residual velocity of projectile. In addition, bal-
listic response was affected by the thickness distribution of tita-
nium layers, but insensitive to the bonding condition between
titanium and UHMWPE layers.

(5) The UHMWPE FML skins altered the bending response of the
sandwich, resulting in enhanced load-bearing capacity. Despite
premature failure of UHMWPE FML skins due to the debonding,
an increase of 30 % in peak load could be achieved under quasi-
static three-point bending. Simultaneously, the shock resistance
of the proposed sandwich to impulse loading was slightly
improved.

The proposed ultralight cellular sandwich plates with UHMWPE FML
skins are promising for weight sensitive applications requiring simul-
taneous load-bearing capability, ballistic/blast resistance, and addi-
tional attributes such as sound absorption and active cooling.
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