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Abstract

Low-density polyurethane (PU) foams have been commonly used for some structural purposes
in marine applications. However, they have not been exploited as a structural core because of
damage tolerance and durability concerns. The major drawbacks of sandwich panels having
PU foam core are their poor mechanical properties and vulnerability to marine environmental
conditions. Therefore, the present study aimed to contribute to enhancing both the mechanical
properties and environmental durability of the traditional PU foam cored-sandwich panels
through introducing a potentially suitable alternative. For this purpose, an innovative panel
with a multilayered hybrid core consisting of agglomerate cork and PU foam was proposed
which was orthogonally stiffened by a thin-walled lattice structure and sandwiched between
two composite skins. To characterize the environmental durability and mechanical properties
of this novel panel, a wide range of experimental tests including water immersion conditioning,
three-point bending, edgewise and flatwise compression, quasi-static indentation, and high-
velocity impact perforation were conducted. The sandwich specimens made of composite skins
and PU foam core were also manufactured and tested for comparative purposes. Additionally,
a nonlinear finite element (FE) analysis was also carried out and the numerical results were
compared with the experimental data. The principal findings were that the proposed structural
modifications caused a significant enhancement in all the studied mechanical and durability
properties of PU foam-cored sandwich panels. It was also found that the FE model could predict
load-displacement behavior of the studied sandwich panels under a variety of experimental

conditions.
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1. Introduction

Increasing the speed and dimensions of marine vessels are the most driving forces in the
growing demand for lighter and stronger materials in the marine field [1]. Lightening weight
provides excellent opportunities to have higher payload capacity, reduction in engine power
corresponding to lower fuel consumption, higher operating speed, increased vessel stability,
and lower life cycle costs [1-3]. Sandwich panels have received a great deal of attention in the
marine sector due to their superior advantages such as high specific strength and stiffness,
excellent corrosion resistance, good acoustic damping, and reasonable price [4-6]. A typical
sandwich panel consists of a pair of thin, strong, and stiff skins supporting the bending moment
as tensile or compression stresses [3,7]. The core as the thick and compliant part of the
sandwich panel is responsible for supporting the shear stresses and stabilizing the skins against
global and local instabilities [8,9]. Traditional marine sandwich panels mainly consist of
composite skins and various types of light cores such as balsa wood [10,11], polyvinyl chloride
(PVC) foams [12,13], polyurethane (PU) foams [14,15], etc.

Balsa wood has long been used in the construction of marine vessels due to its suitable
characteristics e.g. low weight, remarkable stiffness, and high resistance against lateral impact
loads compared to other similar cores with similar density [16-18]. However, high
susceptibility to moisture absorption has hindered its widespread use in modern marine vessels.
PVC foams are an attractive option in the construction of advanced marine structures. Although
their closed-cell structure has successfully enhanced their water absorption resistance, on the
other hand, it adversely affected the adhesion properties of the foam to composite layers. The

core-skin debonding, especially in the bottom panel has limited their widespread use in marine
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structures [19,20]. Low-density PU foams have been used as non-structural part in marine
vessels due to their noticeable features such as low price, good bonding with composite layers
and ease of operation, shaping, and cutting. However, because of the substantial water
absorption and relatively low mechanical properties, they have been never used directly in the
sandwich bottom plate of marine vessels. It has been reported that salt spray and humid
conditions can adversely affect the mechanical properties of PU foam-cored sandwich panels,
especially for those having lower density foam core [21].

Regardless of the composite type either single-skin or sandwich panel, different types of
internal members are necessarily used to improve the load-carrying capacity of marine vessels.
However, the current secondary stiffening method is a time-consuming and costly process that
significantly increases project execution time. The bottom plate fabrication is generally
considered as the first step in the construction of composite vessels. Longitudinal and
transverse stiffeners are then fitted on the precured bottom plate in two mutually perpendicular
directions through the lamination process. Because of the low density of the unreacted polymer
molecules, establishing a perfect and secure bonding between secondary structural elements
and pre-cured structure is not always guaranteed. Debonding and detachment of stiffeners from
the bottom plate are considered as consequences of the above-mentioned structural stiffening
method. Such observations have been reported in previous studies literature. For example, the
effect of the slamming loading on a part of the vessel s hull was investigated experimentally
and numerically by Xue et al. [22]. The results showed that the stress concentration occurred
near the conjunction of longitudinal and transverse stiffeners to the bottom plate. This region
is particularly prone to delamination, detachment (join peel-off), and global failure in
composite vessels. The design of stiffened panels in composite vessels, thus, requires special

consideration to preserve the hull structure when deals with slamming loads.
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Because of the relatively low bending stiffness of single-skin composite laminates,
structural designers often must consider a large number of composite layers to meet the
requirements of the marine regulations. Furthermore, poor impact tolerance of thin single-skin
structures are often considered as one of the main challenges of structural designers in terms
of comfortably and structural considerations. As an alternative, sandwich panels could solve
some of the shortcomings of single-skin composite laminates. However, their inherent
weaknesses i.e. relatively poor through-thickness compressive properties and susceptibility to
delamination are the major obstacles to their wider use in the special structural application.
Therefore, recently, the core strengthening methods have been developed using several
innovative techniques such as stitching [23,24], z-pinning [25,26], shear key elements [27,28],
and inserting the resin or composite walls/columns into the foam core [29, 30].

Lascoup et al. [31] found that through-thickness stitching of the core by glass fibers can
improve the flexural behavior of PU foam core sandwich panels. In a research conducted by
Yalkin et al. [32], it was found that the foam-cored sandwich panels with stitched cores
performed structurally better than those have perforated cores filled with epoxy resin. Zheng
et al. [33] produced a novel foam-based sandwich structure reinforced with partially-cured Z-
pins made from T300/epoxy composite and reported that the use of composite Z-pins could
significantly enhance the tensile strength, tensile modulus, and peeling strength of the sandwich
panel. Taghizadeh et al. [34] reinforced PVC foam with three different composite corrugated
core shapes, and experimentally studied the improvement of the compressive performance. It
was found that the corrugated specimens filled with PVC foams possessed superior
performance compared to those have no corrugation.

Besides the above-mentioned techniques, other innovative methods such as core

hybridization have also been proposed to improve and optimize the behavior of the core
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behavior in sandwich panels. It was found that the use of hybrid cores in two categories of
variable-density and variable-material can improve some mechanical properties of sandwich
panels. Kaboglu et al. [35] studied the flexural and low-velocity impact properties of sandwich
panels with a hybrid core consisting of different densities of PVC foam. The results showed
that the use of a hybrid core with a designed pattern could enhance the flexural and impact
performance significantly. Koohbor and Kidane [15] investigated the effect of density on
energy absorption and load tolerance of PU hybrid foams. The results indicated that the use of
a hybrid pattern instead of the conventional monolithic core led to improved energy absorption,
enhanced load tolerance, and weight reduction of structure.

Previously, it was found that the low-density PU foams were not the typical choice in
energy absorption applications such as slamming. As an environmentally sustainable and eco-
friendly material, cork possesses good energy absorption performance as well as excellent
water absorption resistance [36]. It is envisioned, therefore, that hybridization of PU foam with
cork will provide a wide range of favorable features in terms of energy absorption, debonding
resistance, high flexibility, and water absorption resistance (due to cork part), as well as low
weight and low cost (due to PU foam). Regarding the high porosity of the cork surface, filling
the resin in cork's pores may create the interlocking mechanisms, improving core-skin
interfacial properties.

The main purpose of this study is to provide a practical solution to improve the weaknesses
of traditional PU foam-based sandwich panels in terms of structural and durability properties
while keeping the weight at its minimum. To achieve the desired goals, three strategies of
through thickness stiffening of the core, multi-functional core hybridization, and improving the
core-skin interfacial properties are considered in the design and construction process of the

proposed sandwich panels. This paper introduces a sandwich panel in which the idea of water
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absorption resistant hybrid cores (agglomerated cork/PU foam) and lattice structures (epoxy/E-
glass fiber composite) are used simultaneously for the first time. To investigate the
environmental durability and structural performance of the resulting sandwich panels, the
comprehensive testing program including the water immersion conditioning, three-point
bending, edgewise compression, flatwise compression, indentation, and high-velocity impact
perforation test was carried out. The traditional PU foam-cored sandwich specimens were also
fabricated and tested as the control group for comparison purposes. Further, the three-
dimensional (3-D) nonlinear finite element (FE) models were built to simulate the structural

performance of the sandwich panels with the traditional and novel design.

2. Experimental procedure
2.1. Design concept

Here, the multilayered hybrid core was assembled from two thin layers of agglomerated
cork bonded to a thick layer of PU foam as the external and internal parts of the core,
respectively. It was expected that introducing agglomerated cork as the external surfaces
exposed to environmental conditions can enhance water-resistance behavior, flexibility, and
core-skin interfacial bonding strength of the sandwich panel. The idea of using agglomerated
cork as an intermediate layer with moderate properties between the composite skins and PU
foam probably has another beneficial contribution. It was envisioned that the gradual change
of mechanical properties could prevent large interlaminar stresses at the core-skin interface
where the delamination caused by the abrupt change in material properties is a common
problem [37].

The composite lattice structure serves the dual purposes of connecting the top and bottom
sandwich's skins and providing the support for core. In this way, the top and bottom skins are

tightly integrated with the orthogonal lattice structure and there is practically no need to re-
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stiffening the structure with secondary structural elements. Conceptually and operationally, the

lattice structure can prevent the core from premature crushing and delay delamination at skin-

core interfaces.

A marine structural panel with the proposed sandwich structure under slamming pressure
is schematically illustrated in Fig. 1. The difference in dimensions and spacing of the
longitudinal structural members depends on how the slamming loads act non-uniformly on
different parts of the hull structure. Obviously, a desirable structural scantling based on the
design requirements of a real marine structure is necessary and achievable. In addition to the
advantages mentioned above, the structure shown in Fig. 1 has potentially several technical
and operational preferences as follows:

1. Simultaneous construction of the base plate and stiffeners can remarkably reduce project
cost and execution time;

2. Stiffeners are tightly embedded inside the structure through the vacuum bagging method.
Therefore, reduction in resin consumption corresponding to the elimination of re-stiffening
process via the conventional method can lead to the significant weight lightening of the
structure;

3. Filling the dead spaces between the stiffeners prevents the accumulation of water and other
corrosive fluids and provides a flat surface in the upper part of the bottom panel. This is
very beneficial in terms of structural and equipment arrangement design;

4. All the above-mentioned factors, especially weight loss, and structural performance

enhancement, consequently lead to reduced fuel consumption and increased vessel speed.
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Fig. 1. Schematic of a marine structural panel made of the proposed sandwich structure under
slamming pressure.

2.2. Materials and fabrication

The general specifications for two considered marine structural configurations are
summarized in Table 1. Accordingly, the designation code of SP1 represents the common
marine sandwich panel having epoxy/ glass fiber skins and a low-density PU foam core, which
is referred as the baseline case. The configuration of SP2 is also the proposed sandwich panel
with an agglomerated cork/low-density PU foam core stiffened orthogonally with a composite
lattice structure and sandwiched by two epoxy/glass fiber composite skins. Due to the structural
differences in the conceptual design of studied panels, it was an interesting challenge to design
and fabricate both structures with almost the same weight. As can be seen from Table 1, the
nominal areal weight of both configurations is approximately 8.41 kg/m? and the core thickness

is the same in both cases and is equal to 25 mm.



This is the accepted manuscript (postprint) of the following article:

Najafi, M., & Eslami-Farsani, R. (2021). Design and characterization of a multilayered hybrid cored-sandwich
panel stiffened by thin-walled lattice structure. Thin-Walled Structures, 161, 107514.
https://doi.org/10.1016/].tws.2021.107514

Table 1. General specification of SP1 and SP2 configurations.

Specification SP1 SP2

Traditional Lattice sandwich panels with
Panel type _ ) )
sandwich panel multilayered hybrid core
Skin thickness (mm) 2.25 1.50
Stiffeners thickness (mm) N/A 1

Core material PU foam Agglomerated cork/PU foam

Areal weight (kg/m?) 8.42 8.41

Fig. 2 schematically shows the details of the fabrication process of SP2 sandwich panels.
In this study, the multilayered hybrid core was built using a 2.5-mm-thick agglomerated cork
sheet with 120 kg/m? density and PU foam with a thickness of 20 mm and 40 kg/m? density.

To fabricate the multilayered hybrid core, the agglomerated cork and PU foam sheets were
cut into the required size (Fig. 2(a)). Both sides of the PU foam sheet were then completely
covered with an epoxy adhesive (Araldite 2011/AB), and two sheets of agglomerated cork were
bonded to its both sides. This assembly was then placed under the gentle pressure for 1 day
(Fig. 2(b)) and eventually cut into the cubes with dimensions of 25 x 25 x 25 + 1 mm as shown
in Fig. 2(c).

The panel's bottom skin was made from six plies of a bi-directional woven E-glass fabric
(200 g/m?) and a two-component 828 epoxy resin supplied by Kumho P&B Chemicals, South
Korea (Fig. 2(d)). Subsequently, the multilayered hybrid cubes were orderly positioned
adjacent to each other on the above-mentioned composite plate as shown in Fig. 2(e). Two plies
of E-glass fabrics were then cut into the same-size strips (Fig. 2(f)), impregnated with resin
(Fig. 2(g)), and temporarily laid-up on either face of a certain cube (Fig. 2(h)). This process

was repeated for two adjacent cubes until all impregnated plies were embedded between all
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cubes. In this step, the excess resin inevitably sagged on the bottom plate which is favorable
for better bonding of lattice structure to the base plate.

Following that, the peel ply (release fabric), breather, and vacuum bag were placed over
the assembled structure, respectively. The mold perimeter was then completely sealed by the
mastic sealant and exposed to air evacuation provided by a vacuum pump as shown in Fig. 2(i).
After curing at room temperature, the vacuum bag, breather, and peel ply were entirely
removed from stiffened hybrid core and its upper surface was gently ground and cleaned (Fig.
2(j))- As the final stage of fabrication, the top skin of the sandwich panel was produced by
lamination of epoxy/ glass fiber layers over the stiffened multilayered hybrid core (Fig. 2(k)).
A manufactured SP2 specimen can be seen in Fig. 3.

The traditional sandwich panel namely SP1 with 25 mm monolithic PU foam (40 kg/m?
density) and the same above-said composite skins was also prepared for comparative purposes.
To obtain the same weight for two panels, the nine epoxy/E-glass plies were necessarily used
to fabricate the skins of the SP1 panel. Fig. 4 graphically represents the structural parameters

of two types of small-scale marine structural configuration.

10



This is the accepted manuscript (postprint) of the following article:

Najafi, M., & Eslami-Farsani, R. (2021). Design and characterization of a multilayered hybrid cored-sandwich
panel stiffened by thin-walled lattice structure. Thin-Walled Structures, 161, 107514.
https://doi.org/10.1016/j.tws.2021.107514

Agglomerated cork sheet

Adhesive Cutting of multilayered hybrid core

PU foam

block (a) (b) © 1

\ Lamination of
bgttom skin

.

Positioning the core cubes on hottom skin

Multilayered
hybrid cube N\

Vacuum bag

Breather

Peel ply

Resin-impregnated fabric strips Inserting the resin-impregnated
fabric strips between cubes

(& () @

Lamination of

top skin Top surface grounding

and cleaning
(9] )
Fig. 2. Schematic of the manufacturing process of SP2 sandwich panel based on multilayered

hybrid core and thin-walled lattice structure.
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Fig. 3. Photograph from a typical SP2 specimen.
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Fig. 4. Schematic illustration of marine structural configurations for (a) SP1, (b) SP2

specimens (all dimensions are in mm).
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2.3. Materials tests
2.3.1. Mechanical testing of the constituent materials

Determining the mechanical properties of constituent materials is an essential step for the
numerical simulation of structural behavior. Therefore, the required compressive properties of
PU foam and tensile properties of epoxy/glass fiber composite were experimentally
determined. However, due to the thinness of agglomerated cork sheets, its mechanical
properties were inevitably extracted from the product datasheets [38]. The compression tests,
according to ASTM D1621 standard [39], were conducted on a universal testing machine
Hounsfield (Model H25KS, UK) to characterize the compressive properties of PU foam. The
cubic PU foam specimens with an overall dimension of 60 x 60 x 50 mm? (length x width x
thickness) were loaded in the parallel direction to the foam rise, at a constant cross-head speed
of 3 mm/min, the temperature of 23 + 2 °C and relative humidity (RH) of 51 3% as shown in
Fig. 5(a). The ASTM D3039/D3039 M standard [40] was performed to determine the tensile
properties of the composite skins and lattice structure. The tension test was conducted on the
above-mentioned testing machine with a cross-head speed of 2 mm/min at the temperature of
22 £2 °C and 51% RH (Fig. 5(b)). The dimensions of the rectangular tensile specimens were

250 x 25 x 2.5 mm? (length x width x thickness) according to the standard recommendations.

13
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(@ (b)

Fig. 5. Test setup for (a) PU foam compressive specimen, (b) Composite tensile specimen.

2.3.2. Water absorption conditioning

The water absorption behavior of core materials was determined via the water immersion
test. A set of specimens with nominal dimensions of 25 x 25 x 2.5 mm?® (length x width x
thickness), including PU foam with 6 open edges (designated as PU), PU foam with 2 open
edges and 4 sealed edges (PU/S) and multilayered agglomerated cork/PU foam with 2 open
edges and 4 sealed edges (PU/C/S) were prepared for environmental aging tests. The
considered edges were coated by a thin layer of epoxy resin to reduce the water penetrate from
these sealed edges. The specimens were then completely immersed in a tank containing water
for 100 days. Because all specimens were less dense than water, they were naturally floated on
the water surface. Therefore, to complete immersion of the specimens during the aging process,
plastic loose nets were placed on the specimens to ensure the water could penetrate uniformly
from all directions. The change in weight as a function of time was continuously recorded. For
this purpose, the specimens were periodically removed from the water tank and, after drying
by a moisture-absorbing towel, weighed by a high-precision digital scale. The percentage of

water absorption (M;) was calculated by equation (1):

14
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W, — W
M,(%)= {T”] x 100 (1)
i}

where Wtis the specimen weight at time t and Wo is the initial weight of the specimen.

2.3.3. Sandwich panels tests

A series of quasi-static tests including flexural test, flatwise and edgewise compressive
test, as well as concentrated quasi-static indentation test was performed at RH 49 + 3% and 24
+ 2 °C using a universal testing machine, Hounsfield (Model H25KS, UK) equipped with a 25
kN load cell. For each test, three specimens of each configuration category were prepared and
the average results were reported. Geometrical dimensions and number of constructive
stiffeners of lattice structure for SP2 test specimens are tabulated in Table 2. Although the SP1
specimens have no internal stiffeners, their main dimensions were designed to be equal to the

SP2 specimens.

Table 2. Geometrical dimensions and scantling of SP2 specimens.

Length Width No. of longitudinal No. of transverse

Specification (mm) (mm) stiffeners stiffeners
Flexural test 207 77 7 2
Flatwise compressive test 77 77 2 2
Edgewise compressive test 77 77 2 2
Indentation test 51 51 1 1
High-velocity impact 103 103 3 3

perforation test

a) Flexural test

The wave-induced bending moments such as hogging and sagging are often considered as
the most common loading conditions that marine vessels experience during their service-life.
Thus, flexural testing was employed in this study to demonstrate the effectiveness of the
currently proposed design to enhance the structural performance of PU foam core sandwich

panels. In this way, the three-point bending (3 PB) tests were performed according to the

15
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ASTM C393/C393 M standard [41]. The nominal dimension of the rectangular flexural
specimens was 207 x 77 mm? (length x width). The span length of 157 mm and a cross-head
speed of 6 mm/min were considered for two types of 3 PB specimens. The experimental set-

up for the 3 PB test and the SP1 specimen under flexural loading is illustrated in Fig. 6(a).

b) Flatwise compression test

The low-velocity impact of the hull with waves, commonly known as slamming is one of
the main sources of compressive stress generation in marine vessels. The flatwise compressive
tests were therefore conducted to evaluate the compressive behavior of studied materials along
the outof-plane direction. As shown in Fig. 6(b), the square specimens with dimensions of 77
x 77 mm? were compressed at a cross-head speed of 0.5 mm/min, according to the ASTM

(C365/C365 M standard [42].

¢) Edgewise compression test

Sandwich panels are widely used in compressive structural members of marine vessels
such as pillars, sides, as well as watertight and nonwatertight bulkheads. However, when the
load is increased to an excessively high value, the compressive structural element may exhibit
core-skin debonding and/or core crushing which significantly could reduce the load-carrying
capacity of the structure. Edgewise compression tests were therefore considered to evaluate the
adequacy of the studied sandwich materials in terms of load-carrying capability in the direction
parallel to the sandwich skins plane. The dimensions of the edgewise compression test
specimens were the quite same with the compression flatwise compressive test (Fig. 6(c)). The
square sandwich specimens were tested under compressive loading at a cross-head speed of

0.5 mm/ min, as per recommendations of ASTM C364 Standard [43].
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(b)

(©) (d)

Fig. 6. Mechanical tests conducted on SP1 specimen: (a) Three-point bending, (b) Flatwise
compression, (¢) Edgewise compression, (d) Concentrated quasi-static indentation.

d) Concentrated quasi-static indentation test

The marine sandwich structures are generally susceptible to localized point loads such as
the collision with rocks, floating debris, falling objects, and grounding [12,36]. Since such
events, even at low-velocity regime (or quasi-static conditions) can seriously threaten the safety

and integrity of the structure, evaluating the damage characteristics of marine sandwich panels

17
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is therefore an essential step in marine structural design. Damage resistance properties of two
types of sandwich systems were characterized according to the ASTM D7766/D7766 M
standard [44] recommendations. For this purpose, the square specimens with dimensions of 51

x 51 mm?

were placed on a flat rigid support which was mounted in the lower head of the
testing machine. The concentrated quasi-static compressive load was then carried out at the

center of specimens at a cross-head speed of 1.25 mm/min as shown in Fig. 6(d). The

hemispherical indenter head had a diameter of 12 mm.

e) High-velocity impact perforation test

A single-stage light gas gun apparatus equipped with a gas storage vessel, gun barrel,
solenoid valve, velocity sensors, capture chamber, and specimen fixture was used to determine
the high-velocity impact perforation resistance of the sandwich specimens. Square targets with
dimensions 103 x 103 mm? were edge clamped using eight wing nuts onto the steel fixture,
having 100 x 100 mm? square aperture, as shown in Fig. 7(a). The targets were located 450
mm far from the tip of the gun barrel. The hemispherical nosed projectiles made of aluminum
alloy 7075 with 26.7 g weight and 21.70 mm diameter (Fig. 7(b)) were launched at the incident
velocity of 130 m/s to the center of targets, in which full perforation on SP1 specimens

definitely occurred.
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Fig. 7. (a) Details of the clamping arrangement, (b) Geometries and dimensions of the
hemispherical nosed projectile used during high-velocity impact perforation testing (all

dimensions are in mm).

3. Finite element analysis

To evaluate the structural behavior of studied sandwich panels, the nonlinear 3-D FE
analysis was conducted by commercial software package ANSYS. All of the sandwich
constituents including agglomerated cork, polyurethane foam, and composite parts were
meshed using 3-D hexahedron element (Hex 20) elements. This element is a high-order
element having twenty nodes with three translational degrees of freedom (DOFs) at each node.
Since neither visible primary defects at the core-skin interface nor delamination were observed
during the elastic phase of experimental testing, the core-skin interface was assumed to be
perfectly bonded in FE analysis.

Since the main purpose of numerical simulation was a versatile comparative study on
design concepts of two structural configurations, some material-related simplifications were
considered. Material properties obtained from the experimental tests were assigned to the
sandwich constituents. Accordingly, an orthotropic material model was used for describing the

elastic behavior of composite skins and lattice structure, while the agglomerated cork was
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defined as isotropic materials. The multilinear isotropic hardening model was also utilized to
simulate the elastic-plastic behavior of PU foam. To prevent the common numerical errors
caused by the bonding of thin skins to a thick core, the fine and uniform mesh has been used

as much as possible, as shown in Fig. 8.

Fig. 8. Meshing and loading of the SP1 FE model.

4. Results and discussion
4.1. Material characterization
4.1.1. Constituent materials characterization
Fig. 9(a) presents the average compressive stress-strain curve for the PU foam cubic
specimens. This curve exhibits a linear elastic behavior to material yield point at average stress
0f 0.20 MPa, followed by an extended flat plateau (between 10 and 65% strain) terminating in
a densification region (above 65% strain). Young's modulus of PU foam was defined as the
slope of the linear portion of the stress-strain curve, which was an average value of 7.22 MPa.
Fig. 9(b) illustrates the typical stress-strain curve following the tensile test on the
epoxy/glass fiber composite laminates. The figure indicates a relatively linear behavior under
tensile loading up to the fracture load, which can be attributed to the brittle nature of this type
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of composite laminates. The tensile modulus and ultimate tensile strength of tested composite
laminates were defined to be the average values of 9890 MPa, and 224 MPa, respectively.
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Fig. 9. Typical stress-strain curves for (a) 40 kg/m*® PU foam in the uniaxial compression test,

(b) Epoxy/glass fiber composite laminate under tension test.
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The material properties for the epoxy/glass fiber composite laminate, cork and PU foam
are tabulated in Table 3. Accordingly, the Young's modulus E; = E; for composite laminate
was directly derived from the experimental data. Since the composite laminate was not

reinforced along the through-thickness direction, E3 was calculated using the rule of mixtures

EnEp, . .
e m Here, vris the fiber volume fraction and En,

for transverse property [45]: Ej
and Egy are the Young's modulus of the matrix and the fiber along the transverse directions,
respectively. The values of vi= 50%, Em = 2750 MPa, E¢; (E-glass) = 72000 MPa were used
to estimate the E3. The shear modulus in three planes was obtained using the following relations

[45,46]2 G12 =ﬁ1}3—. Glz — G23 :2i1£l‘3’13]'

Table 3. Specifications of the used materials.

E: Ex Es G2 Gi3 G2
V12 U13 23
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

Material

Epoxy/glass

9890 9890 5300 0.13 041 041 1580 1880 1880
fiber composite

Cork 5.10 5.10 510 0.10 0.10 0.10 590 590 5.90
PU foam 7.22 722 722 021 0.05 0.05 0.05 298 298

According to the literature survey, the Poisson’s ratios: 012 and 013 = 023 for woven glass
fiber reinforced composites are in the range of about 0.13-0.18 and 0.38-0.41, respectively [45-
47]. In this study, 012 and 13 = 023 assumed to be equal to 0.13, and 0.41 [45].

Other material parameters such as Poisson’s ratios of cork and PU foam, that were not

determined experimentally, were obtained from manufacturer’s data and published literature

[15,38,48,49].
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4.1.2. Water absorption behavior

Fig. 10 illustrates the variation of weight uptake for PU, PU/S, and PU/C/S specimens as
a function of the immersion days in freshwater. Visual examination of the specimens indicated
some dimensional changes in the PU and PU/S specimens following 100 days of exposure to
the wet environmental conditioning.

It was observed from Fig. 10 that the maximum weight uptake of PU specimen after 100
days of immersion in freshwater reached a significant value of 486.21%. While, it can be
clearly observed that the maximum weight uptake for PU/S and PU/C/S specimens was much
lower than the PU specimens, during the same period of environmental conditioning (i.e. 100
days).

Although the initial weigh uptake rates were similar for PU/S and PU/C/S specimens, the
differences were gradually apparent after about 10 days, and the final weight uptake of PU/S
and PU/C/S specimens was found to be 121.42% and 57.98%, respectively. As expected, the
presence of thin layers of cork could reduce the water uptake of the PU/C/S specimens by more
than 50% in comparison to those of PU/S. Despite the relatively low fraction volume of the
cork in the structure of PU/C/S specimens, i.e. only 20%, the excellent barrier performance of
this natural material could successfully prevent the water ingress from the upper and lower
faces of the hybrid specimen. Nevertheless, the level of weight uptake in PU/C/S specimens
was expected to be even much lower than the reported value. Therefore, the weight uptake in
PU/C/S specimens was most likely contributed by the PU foam part since several studies
reported that the gas and fluid permeability in cork products is usually negligible [36,50,51].
The intrinsic porosity on the PU foam surface as well as insufficient sealing of the open edges
of the target specimens were probably responsible for the remarkable ingress of water into the

hybrid specimens (i.e. PU/C/S). Therefore, the lower absorption level is to be expected in a
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real case, where only the upper or lower surfaces of the marine panel are exposed to
environmental conditions, and the free edges of the panel are usually not in contact with the

wet environment.
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Fig. 10. Weight uptake in PU, PU/S, and PU/C/S specimens immersed in freshwater vs.

exposure time.

4.2. Sandwich panels characterization
4.2.1. Flexural properties

Fig. 11 depicts the typical load-displacement curves of the 3 PB tests for two sandwich
systems which were selected based on the closest curves to average values. As can be observed
from this figure, the flexural behavior of two specimen types (i. e. SP1 and SP2) can be

categorized into three major stages:
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)

(D

In the first stage of testing, both specimen types exhibited an elastic-linear response
without any visual damage up to the second stage. The initial flexural stiffness was easily
evaluated from the slope of the linear portion of load-displacement curves. As can be seen
from the presented curves, the conceptual structural changes in SP2 systems could
successfully enhance the flexural performance of studied sandwich panels.

The second stage began with deviation from linear behavior which was mainly
accompanied by a local deformation in the PU foam, followed by the reduction of curve
slope until the maximum flexural load. The results clearly showed that the nonlinear
behavior of SP1 is much higher than that of SP2 specimens. The considerable stiffness
softening and nonlinear behavior in SP1 specimens can be attributed to the crushable
nature of PU foam. While, in SP2 specimens, this PU behavior has been affected by the
composite lattice structure, providing a uniform stiffness at the regular intervals and
eliminating the extensive deformations as well as dominant nonlinear behavior until the

maximum flexural load value is reached.

(IIT) In the third stage, the core-composite components debonding and core densification were

accompanied by a reduction in the applied load which was gradually continued until the
ultimate failure of the specimens. Due to the multiplicity of structural components in SP2
specimens, various types of structural failure mechanisms were observed at this stage. The
fluctuation of the load displacement curve clearly indicates the progressive failure
mechanisms and load-bearing capacity of integrated structural components in SP2

specimens.
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Fig. 11. Load-displacement curves for SP1 and SP2 specimens under the 3 PB test.

To make a better comparison, the flexural values obtained from the load-displacement
curves are summarized in Table 4. Accordingly, SP1 specimens demonstrated the initial
flexural stiffness of 184 N/mm and the maximum flexural load of 759 N. Similarly, the initial
flexural stiffness and the maximum flexural load of SP2 specimens were found to be 1685
N/mm and 4596 N, respectively. Thus, it can be concluded that the substituting the
conventional PU foam cores with multilayered hybrid core stiffened by composite lattice
structure has a remarkable increase of 506% and 816% in flexural load and initial flexural

stiffness, respectively.

Table 4. 3PB test results for SP1 and SP2 sandwich systems.

Specification SP1 SP2
Maximum flexural load (N) 759+ 9 4596 £ 53
Specific maximum flexural load (N.m?*/Kg) 90.1 546.5
Initial flexural stiffness (N/mm) 184 +£3 1685+ 10
Specific initial flexural stiffness (kN.m/kg) 219 200.2
Deflection at maximum load (mm) 885+1.3 4.19+0.6

Area under the curve (N.mm) 4773 + 93 11693 + 344
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The specific mechanical properties which are defined by measured properties/weight ratio
are always one of the key aspects for structural designers, especially in the field of lightweight
structures such as composite vessels. Since the areal weight of the two sandwich systems is
almost equal (8-41-8.42 kg/m?), the specific flexural values of SP2 specimens have increased
by the same proportions as previously mentioned.

The total area under the flexural load-displacement curve can be somehow as a
representative of the flexural toughness in sandwich specimens [36]. The value of the area
under the curve up to the maximum load point for SP1 and SP2 specimens which is assigned
by the hatch pattern shown in Fig. 11 is 4773 N mm and 11693 N mm, respectively. These
results can guarantee the higher energy absorption capability of the SP2 specimens compared
to SP1 specimens.

The high structural stiffness of SP2 compared to SP1 specimens could dramatically reduce
the deflection at the point of maximum flexural load. As can be seen from Fig. 11 and Table 4,
the vertical deflection at the maximum flexural load for SP1 and SP2 specimens measured 8.85
and 4.19 mm, respectively.

To better understand the nature of the failure modes and their dependence on the structural
response of the two different types of sandwich systems, the photographs of the specimens
during and after the flexural testing were prepared. The 3 PB testing sequences of SP1, as well

as the ultimate failure modes in this specimen, are depicted in Figs. 12 and 13, respectively.
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Fig. 12. Sequence of 3 PB test performed on SP1 specimen at displacement of (a) 0 mm, (b)
5 mm, (c¢) 10 mm, (d) 15 mm, (e) 20 mm, (f) 25 mm.
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Fig. 13. Failure modes in SP1 specimen under the 3PB test.

As can be seen from the photographs presented in Fig. 12, SP1 specimens exhibited a
general bending behavior along the beam length up to the deflection of about 10 mm, followed
by a gradual local deformation beneath the loading head. Meanwhile, the top skin suffered a
local compressive failure in the vicinity of the loading point. The extent and depth of the
mentioned failure were intensified with increasing the load. A thorough examination revealed
that no visible damage was occurred in the bottom skin, indicating its low contribution in
loadbearing compared to the top skin.

The localized compressive deformation of the structure, extensive foam densification, and
foam crushing in a symmetrical pattern as the ultimate failure modes in SP1 specimen can be

observed in Fig. 13.
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Similarly, in Figs. 14 and 15, the progressive failure development under 3 PB testing and
the final failure modes for the SP2 specimens are shown. By carefully examining the sequences
of specimen loading in Fig. 14, it could be concluded that the general bending behavior in SP2
specimens was clearly lower than those of SP1. The change in the form of the local deformation
from open U-shaped to V-shaped (Figs. 12 and 14) is quite obvious which indicates a different
structural response of the two sandwich systems against bending load.

The localized compressive failure in top skin was occurred at a relatively slight
deformation (less than 5 mm), followed by gradual buckling of the transverse central, as the
loading process continued stiffener (Fig. 14(c) and (d)). In this case, two longitudinal stiffeners
along the length of the beam tolerated large amounts of load and dramatically increase the load-
bearing capacity of the structure. The local indentation as the dominant failure mode is

observable in longitudinal stiffeners.
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Fig. 14. Sequence of 3 PB test performed on SP2 specimen at displacement of (a) 0 mm, (b)
5 mm, (c¢) 10 mm, (d) 15 mm, (e) 20 mm, (f) 25 mm.

Fig. 15. Failure modes in SP2 specimen under the 3 PB test.
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In the final stages of loading, transverse stiffeners adjacent to the midspan of the specimen
were slightly inclined to the loading region which implies their active contribution in
withstanding a significant portion of the applied load. It can be clearly observed that the
transverse central stiffener was crushed, and top skin, as well as agglomerated cork and PU
foam, were completely failed at the contact location between loading head and skin (Fig. 15).
Several white cracks along the stiffeners/skin bonding lines indicate the local resin cracking in
the bottom skin. Despite the inconsistency of the agglomerated cork and PU foam, it was
evident that their bonding was well established even in the final stages of loading. It can be
attributed to the instincts roughness of cork's external surface, providing the appropriate
conditions for better mechanical interlocking of adjacent materials.

The presence of minor damages in the bottom skin indicates the appropriate contribution
of all structural components in the load-bearing process. As can be seen from Fig. 15, both the
longitudinal and transverse stiffeners remain well attached to the top and bottom skins which
may indicate the adequate quality of manufactured specimens.

From the observations, utilization of a thin-walled lattice structure has led to the improved
load-bearing capacity of the structure in different ways, as follows:

(I) Increasing of bonding strength between the core and skin, resulting in an enhancement of
delamination resistance of the structure;

(IT) Increasing compressive stiffness and strength of core in through thickness direction;

(IIT) Restricting the large deformations in foam which prevented the foam from general and
extensive crushing;

(IV) Providing more structural integrity by connecting the top and bottom skins, resulting in

more uniform stress distribution and better stress transfer across the structure.
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4.2.2. Flatwise compressive properties

The typical compressive load-displacement curves of the specimens are plotted in Fig. 16,
which shows the compressive load-bearing capacity of the SP2 in comparison with the SP1
sandwich system. It can be seen that the load-displacement curve of SP1 specimen followed
the typical behavior of cellular materials such as PU foam (without composite skin) [52], and
its compression performance is only controlled by the core properties [53]. At the beginning of
the test, the imperfect contact between the loading head/supports and specimens appeared as
an initial load settlement in load-displacement curves. The SP1 specimen then exhibited a
nearly linear elastic behavior till the peak load (maximum compressive load), followed by the
large plateau region associated with the crushing of the foam's cell walls. Finally, the load
increased with a steep slope due to the densification of the PU foam core which was

accompanied by a higher compressive strength [29].
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Fig. 16. Load-displacement curves for SP1 and SP2 specimens under the flatwise

compression test.
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The typical failure modes of specimens under flatwise compression tests are illustrated in
Fig. 17. As shown in Fig. 17 (a), foam densification was the prominent failure mode in SP1
specimens which is very similar to the pure PU foam subjected to this type of compressive
loading.

For the lattice sandwich panels with a multilayered hybrid core, SP2 specimens exhibited
a linear-elastic response up to the maximum compressive load in the first stage. During the test,
the composite lattice structure successfully carried most of the applied load which was followed
by the occurrence of buckling in lattice stiffeners. Thus, the second stage of deformation was
accompanied by a sudden drop in load capacity of the structure. After this point, by reducing
the load-bearing capacity of the lattice structure, the foam densification consequently occurred

and load increased again as reported in previous studies [38,54].
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Fig. 17. Failure modes in (a) SP1, (b) SP2 specimens, under flatwise compression test.

For a more detailed examination of the failure modes in SP2 specimens, the specimen’s
surrounding edges were mechanically cleaned. It was seen that the composite stiffeners were
completely buckled and the debonding propagated near the stiffener/core region. The sharp
pieces branched from the broken stiffeners were also observed to be violently scraped and
penetrated into PU foam, as shown in Fig. 17 (b).

The results of the flatwise compression tests for SP1 and SP2 are summarized in Table 5.
Accordingly, the maximum compressive load and compressive stiffness for SP1 specimens
were found to be an average value of 1044 N and 1343 N/mm, respectively. By comparing the

compressive properties of the control specimen (SP1) and novel system (SP2), the remarkable
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effect of proposed modifications can be clearly observed where without increasing the
structural weight, the maximum compressive load of the SP2 specimens has exceptionally

increased to about 2080% over the SP1 specimens.

Table 5. Flatwise compression test results for SP1 and SP2 sandwich systems.

Specification SP1 SP2
Maximum compressive load (N) 1044 + 4 22754 + 259
Specific maximum compressive load (N.m%*/Kg) 124.0 2705.6
Compressive stiffness (N/mm) 2343+ 5 17899 + 101
Specific compressive stiffness (kN.m/kg) 159.7 2128.3
Deflection at maximum load (mm) 0.62 +0.1 1.77+0.3

The initial compressive stiffness of SP2 specimens had an average value of 17899 N/mm,
which was more than 12 times higher than that of the SP1. Unlike the flexural results, it can
also be observed that the deflection at the maximum load of SP2 specimens was higher than
that of SP2. The average of the deflection at maximum load recorded for SP1 and SP2

specimens was 0.62 mm and 1.77 mm, respectively.

4.2.3. Edgewise compressive properties

The typical load-displacement curves and failure modes of studied sandwich panels under
edgewise compression tests are displayed in Figs. 18 and 19, respectively. For SP1, before the
maximum compressive load, the specimen exhibited a nearly linear elastic behavior with no
significant failure (Fig. 18).

As shown in Fig. 19 (a), when the load reached its maximum value, the global buckling
in the specimen was starting to happen, followed by the progressive local failure of composite
skins in the middle of the specimen. The PU foam was then densified inwardly in a symmetric

and triangular pattern around the axis of damage formed on the sandwich skin. It should be
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noted that a considerable amount of deformation in the foam was not recovered even after
unloading and therefore was remained permanently in SP1 specimens.

Similarly, for SP2 specimens, no significant failure was observed before reaching the
initial peak of the load-displacement curve which was accompanied by the linear elastic
response similar to the observations made in SP1 specimens (Fig. 18). After the initial peak,
the load abruptly decreased due to the shearing slip damage and wrinkling of composite skins
close to the lower part of the specimen, as shown in Fig. 19 (b). As it is evident in 19 (b), the
broken pieces of skin effectively behaved as the end supports of the lower lattice stiffener
against the direction of loading, allowing the load to increase again. Following that, the load
gradually increased in a zigzag pattern (Fig. 18), until the lower lattice stiffener was completely
bent (Fig. 19 (b)) and the load dropped again, as shown in Fig. 18. As seen in Fig. 19 (b), the
SP2 specimens also suffered from the shear cracks in both the cork and PU foam at the final

stage of compressive testing.
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Fig. 18. Load-displacement curves for SP1 and SP2 specimens under the edgewise

compression test.
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Fig. 19. Failure modes in (a) SP1, (b) SP2 specimens, under the edgewise compression test.

Table 6 summarize the average compressive properties of sandwich specimens in
edgewise mode. Accordingly, the maximum compressive load and compressive stiffness
values obtained from edgewise compressive testing for the SP1 specimens were 9729 N and
8260 N/mm, respectively. Similarly, the maximum compressive load and compressive stiffness
of SP2 specimens were found to be 14273 N and 8904 N/mm, respectively. It can be concluded

from the results that the maximum compressive load and compressive stiffness values were
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about 47% and 8%, respectively, higher than those offered by the SP1 specimens. Needless to
say, the edgewise compressive properties of PU foam-cored sandwich panels were not
significantly affected by the proposed structural modifications. These results can be attributed
to the inherent structural response of sandwich panels to loading type, where unlike the flatwise
compression, both the core and skins contribute in the loadbearing process and therefore, the
differences between the test results of two sandwich systems were remarkably smaller than
those of flatwise compression. Finally, the deflection at maximum load of SP1 and SP2
specimens were 2.44 mm and 2.35 mm, respectively, which is close enough that no further

consideration is required.

Table 6. Edgewise compression test results for SP1 and SP2 sandwich systems.

Specification SP1 SP2
Maximum compressive load (N) 9729 + 159 14273 +£ 44
Specific maximum compressive load (N.m*/Kg) 1155.5 1697.1
Compressive stiffness (N/mm) 8260 + 131 8904 + 26
Specific compressive stiffness (kN.m/kg) 981.0 1058.7
Deflection at maximum load (mm) 2.44+0.3 2.36+0.2

4.2.4. Quasi-static indentation behavior

The indentation load versus displacement for SP1 and SP2 specimens are shown in Fig.
20. As the test began, the load increased almost linearly with the displacement, until the load
reached the yield point (maximum indentation load). The load level then decreased slightly and
it remained almost constant until about 9-10 mm. As usual in previous tests, the foam
densification then occurred, followed by the complete crushing of foam and localized failure
in top skin which simultaneously led to a re-increase of the load in the load-displacement curve.

The test immediately ended with complete perforation in the bottom skin.
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Comparing the load-displacement curves of two specimens, it was clearly observed that
the use of the thin-walled lattice structure has a tremendous effect on improving the indentation
resistance of PU foam-cored sandwich panels. It was concluded that the cross-stiffener played
as a strong column at the center of the specimen and could successfully resist the concentrated
indentation load during the whole testing process.

As can be seen from Fig. 20, the load-displacement curve of SP2 specimen was relatively
similar to that seen in the flexural properties. The SP2 specimen exhibited a nearly linear
response up to the maximum load level, followed by various fluctuations in the load-
displacement curve which can be attributed to a sequential failure in top skin and lattice
structure. After the displacement reached a value equal to that of the control specimen (SP1),
the test was intentionally stopped for making the comparative investigations. Here, no

significant densification occurred in the foam and the indenter could not even reach the bottom

skin.
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Fig. 20. Load-displacement curves for SP1 and SP2 specimens under concentrated quasi-

static indentation test.
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The results of concentrated quasi-static indentation tests are given in Table 7. As can be
seen from the table, The SP1 specimens showed the average maximum indentation load of 328
N and the average indentation stiffness of 158 N/mm. In the same way, the average maximum
indentation load and indentation stiffness of SP2 specimens were found to be 2933 N and 2171
N/mm, respectively. Therefore, the synergistic effect of flexible cork layers and stiff composite
lattice stiffeners within the structure of these novel sandwich panels resulted in a dramatic
increase of about 794% in maximum indentation load and 1274% in indentation stiffness

compared to the traditional PU foam-cored sandwich panels (i.e. SP1).

Table 7. Concentrated quasi-static indentation test results for SP1 and SP2 sandwich systems.

Specification SP1 SP2
Maximum indentation load (N) 328 £15 2933 £ 102
Specific maximum indentation load (N.m?*/Kg) 39.0 348.8
Indentation stiffness (N/mm) 158 + 13 2171 £ 94
Specific indentation stiffness (kN.m/kg) 18.8 258.1
Specific absorbed energy (kJ/kg) 6.2+0.5 759 +£5.1

Here, the capability of a structure to absorb the energy was defined as the specific absorbed
energy (SAE) [55], which was the ratio of absorbed energy under the load-displacement curve
up to the maximum load point per unit of specimen mass. The SAE level was calculated as
75.9 kJ/kg for SP2 specimens which was approximately 12 times greater than that of the SP1
specimens (i. e. 6.2 kJ/kg). Fig. 21 depicts the energy-displacement curve of two sandwich
systems under the concentrated quasi-static indentation loading, in which each energy value
was separately determined by integrating the area under the load-displacement curve at a

certain displacement. The excellent energy absorption behavior of SP2 specimens compared to
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SP1, not only up to the maximum load point but also until the end of indentation loading,

indicates maintaining the structural integrity of the panel during the whole testing process.
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Fig. 21. Energy-displacement curves for SP1 and SP2 specimens under concentrated quasi-

static indentation test.

Fig. 22 illustrates the front and rear views of two specimens subjected to quasi-static
indentation loading. As can be seen from Fig. 22 (a), the top skin of the SP1 specimen showed
a relatively symmetrical damage pattern in the form of a four-pointed star consisted of
extensive delamination, fiber breakage, and fiber pull-out as the prominent damage
mechanisms. A similar pattern of failure in the form of a small diamond was evident around
the hole created in the top skin of the SP2 specimen, which represents the delamination at a
limited level (Fig. 22 (b)). Due to the transparency of composite skins, a wide circular area
representing the delamination and matrix cracking was clearly visible in the bottom skin of the
SP1 specimen. The examination of bottom skin also indicated that the indenter could

completely penetrate through the PU foam and made four shear petals on composite skin in a
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pyramid shape. In contrast to SP1, no traces of fiber breakage and indenter penetration into the
bottom skin were visibly found in SP2 specimen and only small amounts of delamination and

matrix cracking were observed in several areas, as shown in Fig. 22 (b).
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Fig. 22. Failure modes in (a) SP1, (b) SP2 specimens, under concentrated quasistatic
indentation test.
4.2.5. High-velocity impact perforation behavior
Table 8 summarizes the high-velocity impact perforation test results including residual
kinetic energy, absorbed impact energy, percentage of absorbed impact energy, and specific
absorbed impact energy (normalized absorbed impact energy value by the areal density of the
specimen). Accordingly, the absorbed impact energy of the SP2 specimens was found to be

225.62 J, which is approximately 21% greater than that offered by the SP1 specimens, i.e.
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average value of 186.69 J. This means that the SP2 systems could successfully absorb 100%
of the incident energy of the projectile, whereas this value for SP1 systems was 82.75%
corresponding to a residual impact velocity of 54 m/s.

These results indicate that the simultaneous incorporation of cork and thin-walled lattice
structure within the structure of PU foam-cored sandwich panels provided a superior high-
velocity impact perforation resistance in this type of structure. The high flexibility and energy
absorption capability of agglomerated cork compared to many conventional types of synthetic
foams can potentially make it an excellent candidate for crashworthiness and high-velocity

impact protection purposes [56,57].

Table 8. High-velocity impact perforation test results for SP1 and SP2 sandwich systems.

Specification SP1 SP2
Initial velocity (m/s) 130 130
Residual velocity (m/s) 54+6 0
Initial kinetic energy (J) 225.62 225.62
Residual kinetic energy (J) 3893+7.5 0.00
Absorbed impact energy (J) 186.69+9.1  225.62
Percentage of absorbed impact energy (%) 82.75+4.0 100
Specific absorbed impact energy (J.m*/Kg) 22.20 26.83

Fig. 23 shows post-impact resultant failure modes in the impacted and non-impacted skins
of the sandwich specimens. The visual examination of the SP1 specimen indicated the
projectile could fully perforate through the thickness of the structure. The circumferential
delamination around the impact location of impacted skin as well as the crushing of the core
along the perforation path were dominant failure modes in SP1 specimens, as shown in Fig. 23
(a). The non-impacted skin of the SP1 specimens suffered full tearing in composite plies around

the perforation hole in the form of a diamond shape accompanied by four dominant petals that
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emerged outwards. The non-impacted skin of the SP1 specimens experienced extensive
delamination which is significantly larger than the diameter of the projectile (Fig. 23 (a)). As
can be seen in Fig. 23 (a), fiber pull-out, and matrix cracking in a scattered pattern were also
seen within the specimens. From the figure, the impact-induced shear loads could create a

longitudinal splitting failure spreading across the half-width of the specimen.

(@) (b)

Impacted skin

Non-impacted skin

Fig. 23. Failure modes in (a) SP1, (b) SP2 specimens, subjected to high-velocity impact

perforation test.

In the case of SP2 systems, the impacted skin exhibited a cylindrical penetration hole

beneath the impact location associated with limited delamination around the circumferential
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edge of the indenter and cross-shaped delamination in several zones (Fig. 23 (b)). As expected,
the projectile could not penetrate the non-impacted skin of SP2 specimens. The distributed
matrix cracking and delamination in a regular grid pattern was clearly visible in all lattice
stiffeners to skin bonding paths, as shown in Fig. 23 (b). This suggests that the localized impact
load was uniformly distributed throughout the structure, and the lattice structure could fully
contribute to the bearing of impact load which can be responsible for the outstanding response
of SP2 panels under high velocity impact perforation loading. The extent of the zones affected
by the delamination in non-impacted skins was clearly greater than those of impacted skins in
both sandwich systems. This indicates a change of failure mode from local to general during
the projectile penetration through the thickness of the structure. Furthermore, it is worth noting
that no visible delamination was observed in lateral edges of SP2 specimens, indicating a

proper interfacial bonding between agglomerated cork core and composite skins.

4.3. Numerical results

A series of numerical analysis was made to better understand the structural responses of
two studied sandwich configurations. For this purpose, an applied load equal to the maximum
load corresponding to each specimen type was conducted in accordance with the experimental
results obtained from the three-point bending, edgewise compression, flatwise compression,
and indentation tests.

Fig. 24 shows the comparison between load-displacement curves obtained from
experimental and numerical results for SP1 and SP2 specimens. As can be seen in the figure,
all numerical curves exhibited a nearly linear response until reaching the large displacements,
which is attributed to the linear behavior of all structural constituents in the initial stages of
loading. The nonlinear behavior for SP1 specimen under the bending load was evident,

reflecting the elastic-plastic behavior of the PU foam core at higher displacements (i.e. after
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about 2 mm). It can be also observed that the displacement values associated with compression
tests, especially in the edgewise mode were not matched well with experimental data. As
mentioned earlier in experimental sections, the imperfect contact at loading points led to an
initial load settlement in compressive load-displacement curves. The ideal conditions

considered in the FE modeling completely eliminated this initial experimental error.
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Fig. 24. Comparison between experimental and numerical results for SP1 and SP2 specimens
under (a) 3 PB, (b) Flatwise compression, (c¢) Edgewise compression, (d) concentrated quasi-

static indentation test.

The FE model predicted the initial flexural stiffness, compressive stiffness in flatwise

mode, compressive stiffness in edgewise mode, and indentation stiffness of 1818, 18009,
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12450, and 1450 N/mm for SP2 specimens, respectively, which were 837%, 1041%, 55%, and
1333%, respectively, more than those of SP1 specimens. These results suggest that the
numerical model could reasonably estimate the stiffness of both sandwich systems in different
loading conditions. The good agreement observed can be justified by the linear-elastic behavior
of all structural constituents in the initial stages of loading which was closely matched with the
mechanical properties assigned to the numerical models. On the other hand, the relatively small
overestimation of stiffness can be attributed to the initial assumption in which the core-skin
interface was considered to be perfectly bonded without any initial defect. In the following, as
the load increased, a growing divergence between the numerical and experimental curves was
observed. These observations are most likely attributed to some variables related to the
manufacturing process, geometrical nonlinearity and asymmetry occurred during the
experiments which were not taken into account in the FE model.

To provide a better comparison, numerical simulations were then conducted by applying
the same load on two specimen types. Accordingly, the vertical loads of 500, 1000, 5000, and
300 N, respectively, were selected as the applied load to determine the structural response of
two structural configurations in bending, flatwise compression, edgewise compression, and
indentation loads, as shown in Table 9. It should be noted that a relatively good match was
found between the experimental and numerical results in above-mentioned loading values. The
distribution contours of deformation, equivalent stress in composite parts, and compressive

stress in PU foam for SP1 and SP2 specimens is also illustrated in Fig. 25.
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Table 9. Numerical results for SP1 and SP2 sandwich systems under 3 PB, flatwise

compression, edgewise compression, and concentrated quasi-static indentation loads.

Applied ) Maximum Equivalent stress Compressive stress
) Specimen _ ) . )
Loading Type force T deflection in composite parts in PU foam
ype
(N) (mm) (MPa) (MPa)
Three-point 00 SP1 2.72 27 0.09
5
bending SP2 0.28 23 0.01
Flatwise SP1 0.64 0.5 0.16
. 1000
compression SP2 0.05 15 0.01
Edgewise SP1 0.62 55 0.06
' 5000
compression SP2 0.40 32 0.08
Concentrated quasi- 300 SP1 1.76 80 0.15
static indentation SP2 0.12 26 0.01
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Fig. 25. The distribution contours of deformation, equivalent stress in composite parts, and

compressive stress in core for SP1 and SP2 specimens under different loading conditions.
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As can be seen in Fig. 25 and Table 9, applying the load of 500 N resulted in a maximum
deflection of 2.72 mm and 0.28 mm in mid-span of SP1 and SP2 specimens, respectively. The
maximum deflection values obtained from the experimental tests were about 2.81 mm and 0.33
mm for SP1 and SP2 specimens, respectively. Therefore, it was concluded that under the same
applied load (500 N), the maximum deflection exhibited by SP1 specimen was numerically
and experimentally 871% and 907% higher than that of SP2 specimen, respectively. The FE
models also predicted the maximum deflection of 0.64, 0.62, and 1.76 mm for SP1 specimens,
which was 1180%, 55%, and 1367% higher than those measured for SP2 specimens.

Equivalent stress distribution contours in composite parts including skins and lattice
structure and their associated values are shown in Fig. 25 and Table 9. Similar to those observed
in the experimental findings, the location of stress concentration was well predicted in the
specimens. The examination of maximum equivalent stress values indicates that the utilization
of the thin-walled lattice structure could successfully decrease the equivalent stress in
composite parts. Since composite skins tolerated no significant portion of compressive load in
SP1 configuration under flatwise compressive loading, the proposed structural modifications
led to a reduction of compressive stress in PU foam.

Considering the multilayered nature of core in SP2 specimens (i.e. hybrid of agglomerated
cork and PU foam), to make a completely identical comparison, the maximum compressive
stress is presented only for the PU part of the core. It can be clearly observed from Fig. 25 and
Table 9 that the proposed structural modifications could significantly decrease the maximum
compressive stress value in the PU foam from 0.09 to 0.01 MPa, 0.16 to 0.01 MPa, and 0.15
to 0.01 MPa, under bending, flatwise compressive, and indentation loads, respectively. Only a
slight increase in maximum compressive stress from 0.06 to 0.08 MPa was observed in the

compressed state. Therefore, it can be concluded that the utilization of a thin-walled lattice
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structure within the sandwich structure could effectively relieve the stress in core and hinder
the PU foam from premature cracking and crushing. Furthermore, the agglomerated cork layers
as an intermediate layer with moderate properties were most likely able to prevent the sudden
transfer of stress from the skin to PU foam core by withstanding a significant amount of applied

load.

5. Conclusions

In this work, a novel sandwich panel based on a multilayered hybrid core stiffened by a
composite lattice structure and two composite skins was successfully designed and
manufactured. The core was made of agglomerated cork and polyurethane (PU) foam, and
epoxy/E-glass fiber laminates were used to manufacturing all composite parts. The
effectiveness of this novel sandwich system (SP2) compared to the traditional PU foam-cored
sandwich panels (SP1) was investigated by a series of experimental tests including water
immersion conditioning, three-point bending, edgewise and flatwise compression, quasi-static
indentation, and high-velocity impact perforation. The structural responses of two studied
sandwich systems were also numerically examined using finite element (FE) analysis. From

the experimental and numerical results, the following important conclusions can be drawn:

1. The maximum level of water uptake recorded for multilayered hybrid specimens i.e. PU
foam/agglomerated cork (PU/C/S) was less than half of the water uptake in monolithic PU
foam (PU/S) specimens, indicating the superior barrier role of agglomerated cork layers
against the water penetration within the structure.

2. Without any increase in weight, the maximum flexural load, initial flexural stiffness, and
flexural toughness of the SP2 specimens improved by 506%, 816%, and 145% respectively,

in comparison to the SP1 specimens.
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3. The examination of failure modes revealed that utilization of a thin-walled lattice structure
could significantly enhance the structural performance of the SP2 system in several
effective ways, as follows:
- Improved delamination resistance by decreasing the shear stress level in core-skin

interfacial bonding;
- Enhanced compressive stiffness and strength of the core and delayed foam crushing by
supporting the core in through-thickness direction;
- Improved stress distribution and subsequently increased load carrying capacity of
structure through connecting the top and bottom skins.

4. The results of the flatwise compression tests showed that compared to the SP1 specimens,
an increase of about 2080% and 1233% in the maximum compressive load and compressive
stiffness could be achieved through the proposed modifications made in SP2 systems.

5. Edgewise compression tests revealed that the maximum compressive load and compressive
stiffness of SP2 sandwich systems are approximately 47% and 8%, respectively, higher
than those offered by the SP1 systems. This less significant improvement in edgewise mode
was attributed to the natural structural response of sandwich panels to this type of loading,
where unlike the flatwise mode, both the core and skins contribute in the load-bearing
process.

6. It was found that the synergistic effect of energy-absorbent cork layer sand stiff composite
lattice structure in SP2 specimens could dramatically increase both the quasi-static
indentation and high-velocity impact perforation behavior of PU foam-cored sandwich
panels. The SP2 specimens showed an improvement of about 794%, 1274%, and 21% in
maximum indentation load, indentation stiffness, and absorbed impact energy over SP1

specimens, respectively. It was shown that both the above-mentioned loading types could
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almost similarly affect the specimens in terms of failure modes. It was also found that
neither indenter in quasi-static mode nor projectile in high-velocity regime could fully
penetrate the rear side of SP2 specimens. This indicates superior damage tolerance and
energy absorption of these novel sandwich systems.

The nonlinear FE results successfully indicated the proposed structural modifications could
effectively enhance the structural performance of traditional PU foam cored-sandwich
panels. It was also found that the proposed FE model could reasonably predict the structural
performance of studied sandwich systems, especially in the linear-elastic regime.

Therefore, this model can be used at the preliminary design stage.

The finding of this feasibility study can provide a new opportunity to introduce a novel

sandwich system for use in marine sectors while preserving superior mechanical properties,

low-weight, and environmental durability requirements.
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