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ABSTRACT KEYWORDS
The unremitting quest of natural and renewable materials able to replace Polymer-matrix composites
their synthetic counterparts in high-performance applications has involved ~ (PMCs); hybrid; impact
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also sandwich structures. In this regard, the aim of this work is to character-
ize the impact response, in both high- and low-velocity conditions, of green
sandwich structures made of agglomerated cork as core and flax/epoxy
laminates as face sheets. Both bare cork, flax skins, and complete sandwich
structures were subjected to impacts at three different energy levels repre-
senting the 25%, 50%, and 75% of the respective perforation thresholds. A
gas gun was instead used to assess the high-velocity impact behavior of
these green sandwich structures and evaluate their ballistic limit. This study
shows that the buckling of cell walls of agglomerated cork enables to tailor
the damage extension through-the-thickness in low-velocity impacts com-
pared to traditional synthetic foams coupled with a considerable amount of
energy absorption.

Introduction

The last two decades have witnessed a resurgent interest in materials from renewable resources due
to the need to mitigate the environmental impact of energy-intensive production processes of
synthetic fibers and polymers and to increase the recyclability and end-of-life disposal options of
lightweight structures (Akampumuza et al. 2016; Faruk et al. 2012; Fowler, Mark Hughes, and Elias
2006; Gurunathan, Mohanty, and Nayak 2015; Ku et al. 2011; Mittal, Saini, and Sinha 2016). A
typical representative of lightweight structures is the composite sandwich structure, which couples
high flexural stiffness, low weight, thermal and acoustic insulation and flexibility in selection from a
broad range of materials. Nowadays these structures are widely diffused as semi- or structural
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components in many industrial fields. A general concern associated with traditional sandwich
structures is their poor response to impact loading as the resulting damage scenario, compared to
composite laminates, is complicated by multiple damages potentially occurring in the face sheets
(delamination and fiber breakage), at the face sheet/core interface region (debonding) and in the
core (crushing and shear failure) (Abrate 1997; Wang, Waas, and Wang 2013; Zenkert et al. 2005;
Zhou et al. 2012). Standard core materials are represented by honeycombs, foams, and balsa wood,
but recent developments have resulted into new alternatives, such as natural materials with cellular
morphology with particular emphasis on cork (Alcantara, Teixeira-Dias, and Paulino 2013; Castro
et al. 2010; Paulino and Teixeira-Dias 2011). In this regard, agglomerated cork, which is a mixture of
natural cork and an organic binder (typically polyurethane), can be considered as an alternative to
synthetic foams currently used in structural applications with a significant energy absorption ability.
In addition, cork shows reduced permeability to liquids and gases and thermal insulation properties
with a distinctive mechanical behavior resulting in nonlinear elasticity, exceptional compressibility
without fracture, and unusual dimensional recovery capability, which enables outstanding energy-
absorbing performance (Sargianis, Kim, and Suhr 2012; Silva et al. 2005; Pereira 2007; Fernandes,
Pascoal, and Alves de Sousa 2014; Triantou et al. 2017; Zhuang et al. 2017; Barbosa et al. 2017).
Several studies on cork and related sandwich structures are available in literature but with a strong
focus on quasi-static properties, such as compression, tensile, and shear (Gameiro, Cirne, and Gary
2007; Mancuso, Pitarresi, and Tumino 2015; AlcAntara, Teixeira-Dias, and Paulino 2013; Moreira,
De Melo, and Dias Rodrigues 2010; Reis et al. 2007; Reis and Silva 2009; Oliveira, Rosa, and Pereira
2014). A less investigated issue is the response of agglomerated cork and its sandwich structures to
impact loading. Sanchez-Saez, Garcia-Castillo, et al. (2015) investigated the effect of thickness on the
dynamic crushing behavior of agglomerated cork using an instrumented drop weight tower. The
authors found that maximum contact force, maximum displacement, and maximum strain exhibited
a large dispersion likely ascribed to the natural origin of agglomerated cork. An increase in the
specimen thickness caused a reduction of the contact force for the same impact energy and the
energy absorbed by the specimens represented a high percentage of the impact energy. In addition, a
linear relationship between the absorbed energy and the impact energy/thickness ratio for each
specimen thickness (15-70 mm) was pointed out, while no significant dependence of the energy-
absorption capability of the agglomerated cork on the thickness was found. Due to the viscoelastic
behavior of agglomerated cork, Sanchez-Saez et al. (2015) analyzed the behavior of agglomerated
cork of different thickness (35, 50, and 70 mm) when subjected to three consecutive impacts of
energy equal to 17.5 and 35 J. The results highlighted that the energy absorption was significant after
every impact and that the absorbed energy did not depend on the number of impacts as only a
decrease in the range 3-6% was detected between the first and third consecutive impact. Sousa-
Martins et al. (2013) addressed the response of sandwich structures incorporating agglomerated cork
as core between two aluminum alloy face sheets to blast waves originated from the detonation of 30 g
of explosive (C4). The authors reported a value of about 11% for the relative thickness reduction,
thus suggesting the possibility of energy dissipation by the core through crushing of the cellular
structure of cork. Sanchez-Saez, Barbero, and Cirne (2011) discussed the behavior of agglomerated
cork subjected to ballistic impacts using a gas gun. Three different configurations were tested,
namely an agglomerated cork 37 mm thick, two thin aluminum alloy (6063-T5) plates (1.8 mm)
and spaced 37 mm, and a pair of thin aluminum alloy plates separated by agglomerate cork. The
ballistic limit of agglomerated cork (160 m/s) was lower than that of the aluminum alloy plates
(323 m/s), but when the agglomerated cork was used as core between the two aluminum alloy plates,
the ballistic limit increased by a 7.7% (348 m/s) along with absorbed energy at impact velocities that
caused perforation. Petit et al. (2007) investigated the low-velocity impact behavior of composite
laminates (carbon/epoxy) with and without cork thermal shield. The authors found that the thermal
protection acted as a mechanical protection with damage that appeared at higher impact energies for
shielded laminates. However, above a certain impact energy threshold, they reported the possibility
to have more important delaminated areas for shielded panels than for unshielded ones. From a



literature survey, the use of carbon/epoxy laminates or aluminum alloys as face sheets in sandwich
structures based on agglomerated cork emerged, thus limiting the full exploitation of the environ-
mentally friendly character of cork. Hachemane et al. (2013) reported results of an experimental
characterization of a jute/epoxy-cork sandwich material to impact and indentation manufactured by
one-shot infusion. Three cork densities were studied, namely 160, 270, and 310 kg/m’, and this
parameter was found to affect the impact response. With increasing density, the maximum force
recorded decreased of about 60%, which was ascribed to the resin infiltration in the pores of the
agglomerated cork that led to an increased material local stiffness. In addition, the increment of cork
density caused also a reduction of 3.72% in the energy dissipation capacity for a 7 ] impact. Recently,
Walsh et al. (2017) characterized a sandwich structure based on carbon fiber face sheets and
expanded cork and compared the results with those of structures based on Rohacell® 110 IG. The
authors found that, when compared to the synthetic foam, expanded cork showed a decrease in
bending stiffness, but a large improvement in acoustic, damping, and impact damage resistance
characteristics. In particular, for a 10 J impact, the expanded cork showed a significantly smaller dent
depth, less damage to the core and top face sheet, and no damage to the bottom face sheet compared
to the synthetic counterpart. Other authors (de Moura et al. 2017, 2015; Silva, de Moura, and
Magalhdes 2017) recently proposed the use of cork layers at selected interfaces to increase the
interlaminar fracture resistance of a carbon fiber-reinforced composite. In particular Silva, de
Moura, and Magalhaes (2017) addressed the low-velocity impact behavior of a monolithic cross-
ply carbon-epoxy laminate and a hybrid one made of carbon-epoxy and a cork layer placed in the
most critical interface. Contrarily to monolithic laminate where a longitudinal crack and large
delamination developed, the hybrid solution revealed a larger longitudinal crack without any
evidence of extensive delamination at the cork layer. This was ascribed to the dissipation of impact
energy in a large fracture process zone that can be developed inside the cork layer. No studies
addressing at the same time the low- and high-velocity impact behavior of green sandwich structures
can be found in the available literature. To bridge this gap, the aim of the present work is to analyze
the response to low- and high-velocity impacts of green sandwich panels consisting of flax/epoxy
face sheets and agglomerated cork. For qualitative comparison purposes, a traditional Rohacell
110WF rigid foam has been also used with the same flax/epoxy face sheets. Foam core has been
chosen only because it represents a standard in industrial applications and can act as a reference
material with a very well-known behavior. This greener sandwich construction has been scarcely
investigated, with the exception of the work by Mancuso, Pitarresi, and Tumino (2015), where an in-
depth quasi-static characterization in bending was addressed without considering the response to
impulsive loadings.

Materials and methods
Materials and fabrication of sandwich structures

Two different sandwich structures were investigated and compared in this experimental work, both
characterized by the same flax/epoxy face sheets and different core materials. For the skins, a
unidirectional prepreg material system (FLAXPREG UD 180) based on epoxy matrix with a fiber
areal weight of 180 g/m” supplied by Lineo was used. Two face sheets encapsulated a core of
agglomerated cork (ECOPAN) supplied by Etruria Cork Srl with a nominal density of 145 kg/m’
and a thickness of 30 mm. It is worth noting that this is a product used in the building industry as
thermal and acoustic insulating material, therefore not specifically optimized for applications in
composites. To benchmark the performance of this green sandwich structure, a similar sandwich
with a closed-cell rigid foam based on polymethacrylimide (PMI), namely Rohacell® 110WF supplied
by Evonik Industries AG, was manufactured. This foam core has been provided with a density of
110 kg/m® and a thickness of 30 mm. The face sheets were manufactured with a quasi-isotropic
configuration [+60/0/-60]; and the panels were vacuum-bagged and fully cured under pressure in an



autoclave to the manufacturer’s specifications up to a fiber volume fraction of ~0.50 + 0.04. The flax
fiber laminates with a thickness of 1.4 mm and the two different cores were cut to required
dimensions (10 x 10 cm) and Redux 609 by Hexcel, an epoxy film adhesive containing a cotton
scrim, was used to bond the face sheets to the core. Sandwich structures were vacuum-bagged and
fully cured without additional pressure in an autoclave to the epoxy film manufacturer’s
specifications.

Quasi-static characterization techniques

Flax/epoxy face sheets were tested for tensile and flexural properties in accordance with ASTM
D3039 and ASTM D790, respectively. Tensile tests were carried out with a cross-head speed of
2.5 mm/min, and the deformation was recorded by an extensometer with a gage length of
50 mm. Three-point bending tests were performed with a support span of 60 mm and a cross-
head speed of 4 mm/min. At least three specimens were tested. Both core materials were
characterized in static compression tests with at least five specimens (30 x 30 x 30 mm) at
three test velocities, namely 5, 10, and 50 mm/min. All the quasi-static tests were carried out
using a Zwick/Roell Z010 testing machine.

Dynamic characterization techniques

Core materials, face sheets, and the whole sandwich structures were subjected to low-velocity
impact tests using an instrumented drop-weight impact testing machine (CEAST/Instron 9340).
The hemispherical impactor had a diameter of 20 mm, and the dropped carriage had a total mass
of 3 kg for flax/epoxy face sheets and 8 kg for the remaining samples. The specimens were
pneumatically clamped between two steel plates, leaving a circular unsupported area with a
diameter of 40 mm. At first low-velocity impact tests were performed up to perforation for
cores, face sheets, and sandwich structures, and then tests were carried out at different percentages
of the respective perforation energy, namely 25%, 50%, and 75%. As many parameters (density, cell
size, cork grain size) can in principle affect the impact response of such sandwich structures, it is
difficult to compare two materials with exactly the same characteristics especially if one takes into
account the large variability in density of commercial agglomerated corks due to the natural origin
of the material. The comparison reported in this work is deemed to provide useful insights into the
deformation and failure mechanisms of these different sandwich structures. This also explains the
need to impact the specimens at different percentages of their respective perforation energies
without using the same absolute impact energy levels in an attempt to limit the influence of
differences in materials properties. At least three specimens were impacted for each combination
of material and energy level.

The high-velocity impact tests were performed using an A1G+ gas gun by Sabre Ballistic. Twelve
specimens for each sandwich configuration were impacted by a spherical tempered steel projectile
(mass = 1.725 g, diameter = 7.5 mm) over a range of impact energies until complete perforation of
the target. A high-pressure gas (argon) provided the force to impulse the projectiles. Impact velocity
was varied by changing the pressure in the gas gun.

The samples were mounted in a simply supported boundary condition along their edges by
aluminum guides. In order to measure impact and residual velocity, the tests were monitored using a
high-speed digital camera APX FASTCAM by Photron with a data acquisition system set to take
36,000 frames per second placed beside the sample holder. After determining the speeds of the
projectile before and after impact using the high-speed camera, the experimental data have been
fitted by least-square regression according to the classical Lambert-Jonas equation (Lambert and
Jonas 1976; Sanchez-Saez, Barbero, and Cirne 2011) to obtain the ballistic limit velocity.



Microstructural investigation

The morphology and structure of core materials and flax/epoxy face sheets were examined by
scanning electron microscopy (SEM) (Philips XL 40). The specimens were sputter coated with
gold prior to investigation.

Results and discussion
Morphological characterization

The morphology and structure of agglomerated cork and Rohacell foams were first examined and
compared. Figure 1 shows the morphology of both core materials. Being cellular materials in nature,
both exhibited a similar microstructure but with some distinctive features. In fact, while Rohacell
foam can be described by cell sizes ranging from 610 to 836 pm, the cork used in the present study
showed relatively large grains (4-8 mm) and a significantly smaller cell size of approximately
28-43 pum. Moreover, cork displayed a smaller cell wall thickness of about 1.26 pm compared to
22.31 pm of 110 WE. These morphological features need to be taken into account as it has been
shown that agglomerated corks can exhibit dissimilar mechanical properties depending not only on
density, but also on the agglomerated grain size, the amount of binder, and even on the processing
method (Jardin et al. 2015).
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Figure 1. SEM micrographs of agglomerated cork (a, b) and Rohacell (¢, d) at different magnifications.



Quasi-static mechanical properties of single constituents

Typical stress—strain curves obtained from compression tests on cork and synthetic foam are
reported in Figure 2. As extensively reported in literature (Fernandes, Pascoal, and Alves de Sousa
2014; Gibson and Ashby 1999), stress—strain curves displayed the common three compression stages,
indicated by numbers in Figure 2, which are (1) linear elasticity at low stresses due to cell wall
bending, (2) a long collapse plateau due to elastic buckling of cell walls in cork and brittle crushing
in synthetic foam, and (3) densification stage where the collapse of cells and compaction of the
successive cell walls occur. From the curves in Figure 2, the compressive modulus (evaluated from
the average slope of the stress—strain curve in the elastic stage) and the collapse stress (evaluated as
the intersection of the lines fitting the plateau and the elastic stages) were obtained and reported in
Figure 3. As a general comment, both materials exhibited a reduced dispersion in properties, which
is quite remarkable for agglomerated cork as its behavior is anisotropic with higher strength in the
radial direction compared to the axial and tangential directions (Pereira 2007). Despite the relatively
large grain sizes, the different and random grain orientations inside the agglomerated cork are
envisaged to be responsible for this reduced variability and quasi-isotropic behavior. Synthetic foam
clearly outperformed the agglomerated cork in terms of strength and stiffness at every test speed. It is
worth noting that both core materials exhibited a strain rate sensitivity described by an increase of
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Figure 2. Representative compression stress—strain curves for (a) cork and (b) synthetic foam as a function of test velocity.
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collapse stress and stiffness with increasing test speed, albeit not so marked at least in the velocity
range investigated in the present study.

The tensile and flexural properties of flax/epoxy face sheets are summarized in Table 1. These
results compare quite favorably with previous research, where tensile strengths of flax/epoxy
composites have been reported in the range 60-120 MPa (George, Verpoest, and Ivens 1999;
Goutianos et al. 2006; Meredith et al. 2013; Phillips et al. 2013; Sarasini et al. 2016). Fracture
surfaces of composites (Figure 4) showed that there is still room for improvement with regard to
the fiber/matrix interface even if no clear gaps between fiber and matrix and fiber fibrillation can be
noted.

Low-velocity impact behavior

Before testing the whole sandwich structures, bare core materials and flax/epoxy face sheets have
been subjected to low-velocity impact tests. Transient data were collected for each sample, including
time, load, energy, velocity, and displacement. Figure 5 illustrates the load versus displacement plots
of representative flax/epoxy face sheets as a function of increasing impact energy up to perforation. It
is possible to note that even at the lowest impact energy the transient response of the samples
showed load drops indicating a certain amount of damage, with increasing tendency up to 75% of

Table 1. Summary of mechanical properties for flax/epoxy face sheets.
Tensile strength (MPa)  Tensile modulus (GPa)  Flexural strength (MPa)  Flexural modulus (GPa)
Flax/epoxy face sheet 117.86 = 3.49 1271 £ 0.34 91.95 £ 2.79 7.20 £ 0.26
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Figure 4. SEM micrographs of fracture surfaces of flax/epoxy composites.
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Figure 5. Characteristic force versus displacement curves for bare flax/epoxy face sheets.

the perforation energy (E,), which was found to be quite low (Table 2). The peak load increased with
the increase in the impact energy up to 50% of the perforation energy and dropped for an impact
energy equal to 75% of E, where the laminates experienced severe damage, as confirmed by a
damage degree (defined as the ratio between absorbed energy and impact energy) close to unity,
when penetration occurs. The damage evolution on the front and rear surfaces of flax/epoxy
laminates is shown in Figure 6. It is evident that already at 25% E, marked delamination on the
back surface is present with an oblong shape with its major axis coincident with the fiber direction of
the layer below the interface. These delaminations are always associated to matrix cracks that
represent the first damage appearing after an impact event, which are much more evident at higher
impact energies on both front and rear surfaces (Figure 6). In thin and flexible laminates, it is
reasonable to assume that bending stresses cause tensile failure of the bottom ply in the transverse
direction because membrane effects are predominant. It is this preliminary failure that induces

Table 2. Impact parameters for bare face sheets, core materials, and complete sandwich structures.

Perforation energy Maximum Absorbed Damage

Sample (Ep) () Peak force (N) displacement (mm) energy (J) degree
Bare face sheet_Perf 5.20 + 0.38 795.25 + 89.44 - - 1
Bare face sheet_25% E, - 893.57 + 90.54 3.02 +0.14 0.77 £0.11  0.61 = 0.09
Bare face sheet_50% Ep - 940.73 £ 92.52 5.26 = 0.78 236 £ 0.18 0.90 + 0.06
Bare face sheet_75% £, - 753.09 £ 17.20 8.75 + 1.36 3.88 £0.19 097 £0.03
Bare cork_Perf 9.69 + 0.71 703.56 + 3.74 - - 1
Bare cork_25% E, - 515.51 £ 8.99 1022 + 133 241 £055 0.79 £ 0.08
Bare cork_50% Ep - 577.44 + 30.52 15.78 £ 2.97 550+ 062 0.96 + 0.04
Bare cork_75% E, - 747.71 + 53.28 17.59 + 4.10 7.06 + 021 099 + 0.02
Bare synthetic foam_Perf 37.41 + 0.66 1982.53 + 58.17 - - 1
Bare synthetic foam_25% £, - 1596.03 + 120.59 10.31 + 0.54 - 1
Bare synthetic foam_50% E, - 1877.49 + 136.11 15.57 + 2.44 - 1
Bare synthetic foam_75% £, - 1880.20 + 125.18 21.84 + 3.51 - 1
Sandwich-cork_Perf 42,51 + 0.95 2178.15 + 127.51 - - 1
Sandwich_cork 25% E, - 1633.47 + 114.38 8.36 + 0.40 9.21 £021 0.91 £ 0.02
Sandwich_cork 50% E, - 1764.12 + 66.74 15.84 + 0.82 - 1
Sandwich_cork 75% E, - 1784.78 + 10.26 24.72 £ 1.11 - 1
Sandwich-foam_Perf 79.71 + 2.24 3001.46 + 160.03 - - 1
Sandwich-foam_25% E, - 2401.69 = 116.10 11.03 + 0.43 - 1
Sandwich-foam_50% Ep - 2430.89 = 77.40 22.87 + 1.53 - 1

1

Sandwich-foam_75% E, - 2730.28 + 147.61 29.99 + 1.46 -




(©) )

()

(€9) (h)

Figure 6. Close-up views of the damage progression in the front (left column) and back surfaces (right column) of flax/epoxy face
sheets impacted at 25% (a, b), 50% (c, d), 75% (e, f), and up to perforation (g, h).



debonding of the first interface followed by a sequence of matrix cracks and delaminations (Ghelli
and Minak 2011; Tita, de Carvalho, and Vandepitte 2008).

The behavior of bare cork and synthetic foam when subjected to low-velocity impact tests is
compared in Figures 7 and 8 in terms of force-displacement curves while the impact parameters are
summarized in Table 2. The two core materials exhibited different response to impact loading as can
be inferred from the observation of transient data (Figures 7 and 8) and resulting damage modes
(Figures 9 and 10). The agglomerated cork showed a clear rebounding phase at 25% of the
perforation energy while at 50% some rebounding was still detected although the damage degree
was about 0.96, thus suggesting imminent penetration. No rebounding was instead observed in
synthetic foam specimens (Figure 8), which were characterized by penetration even at very low-
impact energies. In both cases, peak load was found to increase with increasing impact energy.
Synthetic foam specimens outperformed cork ones in terms of peak force, which is related to the
plate stiffness (Richardson and Wisheart 1996), and perforation energy (E,). Both properties are
clearly influenced by the better mechanical properties of synthetic foam as already found during the
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Figure 7. Typical force versus displacement curves of bare agglomerated cork impacted at different energy levels.
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Figure 8. Typical force versus displacement curves of bare synthetic foam impacted at different energy levels.



quasi-static compression tests. The existence of a rebounding phase for cork specimens suggests less
damage occurrence in the material. For both core materials, no damage in the back face was detected
at all impact energies (25-75%), being all concentrated on the impacted surface. In the case of cork,
samples impacted at 25% E, did not show any sign of damage in both surfaces, while at 50% E, a
slight indentation, which increased in depth at 75% E,, was noted (Figure 9). Foam specimens
exhibited a different behavior, with a deep indentation in the front surface even at an impact energy
of 25% E,, (Figure 10). As the bare cork samples were more compliant, they deflected more than the
foam core samples. The energy absorbed through the creation of damage was also lower and mainly
ascribed to elastic response and creation of local dent. In order to better understand the damage
mechanisms induced by impact, samples were sectioned through the impact point and images of
cross-sectional view of the damage area are reported in Figure 11. By comparing the cross sections of
impacted specimens, the different energy absorption mechanisms can be highlighted. Cork speci-
mens exhibited a slight indentation on the impacted surface coupled with cell wall collapse due to
buckling while a deep indentation and an extended crushed zone were detected for synthetic foam,
where no core shear and cracking up to impact energies < 75% E, occurred. To confirm these
assumptions, samples impacted at 75% E,, were sectioned and observed under SEM (Figure 12). Cork
cell walls experienced buckling, and due to the collapse of individual cork cells and densification of
the cork agglomerate, the energy absorption at high strains can be quite considerable with no signs
of cell walls breakage, thus suggesting an almost complete recovery of their original shape and size
(Figure 12(a)). In foam samples (Figure 12(b)), due to the brittle nature of cells, they tended to break

rather than collapse with no possibility of recovery.
(b)
(@
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(c)

Figure 9. Close-up views of the damage progression in the front surfaces of bare cork impacted at (a) 50% E,, (b) 75% £, and at
perforation (c, d).
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Figure 10. Close-up views of the damage progression in the front surfaces of bare synthetic foam impacted at (a) 25% Ep, (b) 50%
Eo, () 75% E,, and (d) at perforation.

These different damage modes are also responsible for the different responses found for the whole
sandwich structures based on the two different cores, as shown in Figure 13. Also for complete sandwich
structures, the different core material played a significant role, with cork that allowed a rebounding stage
at least up to 25% of the perforation energy that was not observed for synthetic foam-based sandwich.
Face sheets were perforated through fracture of the flax fibers (Figure 14), allowing the penetration of the
impactor into specimens but force-displacement curves related to perforation were distinctly different. A
curve with two peaks for cork-based sandwich structures was recorded (Figure 13(a)), implying the
contact of the impactor with top and bottom face sheets, respectively, a feature that was not recorded for
sandwich structures with synthetic foam (Figure 13(b)). It is also worth noting that the second peak value
for cork-based sandwich samples is higher than the first peak value. The deformation characteristic of the
cork core under compressive loading is likely to be the main cause of this behavior, which is in the form
of collapsing of cells instead of breaking of cells (foam cracking). At higher strains, the cork cells have
better energy absorption due to the collapse of individual cells and densification of the cork agglomerate
structure that can resist further penetration of the impactor. As regards the synthetic foam (Figure 15(a)),
no core shear and cracking for impact energies up to 75% of perforation energy were found and no
bottom face sheet damage for impact energies up to 75% E,, for both sandwiches occurred (Figure 15). It
is also to be noted the lower damage degree for neat cork and resulting sandwich compared to the
synthetic foam, coupled with a lower through-the-thickness damage extension.
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Figure 11. Cross-sectional views of bare (a, ¢, e) cork and (b, d, f) synthetic foam specimens impacted from 25% to 75% E, (from
top to bottom).

It is very difficult to provide a sound comparison of the data obtained in the present study with
those available in literature on additional cellular materials, especially for low-velocity impact
behavior. It is worth mentioning that many different parameters influence the response of sandwich
structures to low-velocity impact. In fact, there are both material-based (including the type of
constituents, foam density, the stacking sequence) and geometry-based parameters (for instance,
size effect of test specimens and impactor’s size/mass, geometry, velocity, clamping conditions, test
area under impact) (Wang, Waas, and Wang 2013).

High-velocity impact behavior

In an attempt to confirm the energy absorption capability of agglomerated cork, its influence on the
behavior of flax/epoxy face sheets subjected to high-velocity impacts of a low-mass projectile was
studied. The same experimental campaign was performed also for the other sandwich structure based
on synthetic foam. The residual velocity of the projectile after perforation is shown in Figure 16 for
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Figure 12. SEM micrographs of bare (a) cork and (b) synthetic foam tested at 75% £,

both sandwich structures along with the value of the ballistic limit that was not evaluated in a
deterministic way but through the well-known Lambert-Jonas model (Buitrago, Garcia-Castillo, and
Barbero 2013; Kasano 1999). Good correlation, (Figure 16) was found in the fitting of this model to the
experimental data in both sandwiches, with a coefficient of correlation higher than 0.998. Due to the
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Figure 13. Typical force versus displacement curves of sandwich structures with (a) agglomerated cork and (b) synthetic foam
impacted at different energy levels.

different density of both cores, the absorbed energy cannot be compared directly; therefore, the
efficiency energy absorption (EEA) ratio can be defined as follows (Equation 1):

EEA — & 1)

Pa

where p, is the areal density of the sandwich plate (kg/m?) while the percentage of the impact energy
absorbed (£) by each sandwich can be estimated from Equation 2:
3mp (v — %)

£= 1

2

myvi @
where m,, is the projectile mass, v; is the impact velocity, and v, is the residual velocity. Figure 17
shows EEA ratio as a function of the impact energy for both types of cores. Taking into considera-
tion the differences in areal density, the cork-based sandwich presents a comparable if not slightly
better energy absorption capability than the Rohacell-based sandwich. The differences in percentage
between the residual velocities of both sandwich structures (residual velocity in Rohacell sandwich-
residual velocity in cork sandwich) have been calculated and reported in Figure 18. It is possible to
note that when the impact velocity is close to the ballistic limit of the cork sandwich the differences
in residual velocities are significant while, with increasing impact velocity, differences decrease
asymptotically to 7%.

At high-velocity impact, the whole structural response of the plate is not relevant (Abrate 2005)
and the boundary conditions do not affect the ballistic behavior of the plate when the target
dimension is large enough compared to the projectile diameter. In this case, a comparison with
other core materials is feasible. An important competitor can be represented by polyurethane foams,
mainly because of the extensive research on chemicals obtained from renewable resources, such as
the production of non-petroleum-derived polyols to be used in polyurethane foams production. In
this regard, several processes such as oxypropylation and acid liquefaction of several biomass
residues (starch, soybean, alginic acid, palm, sugarcane bagasse, lignin, coffee grounds and even
cork) have been proposed over the years (Pawar et al. 2016; Stanzione et al. 2016). Uddin et al.
(2009) improved ballistic performance of polyurethane foam by reinforcing it with nanoscale TiO,
particles. The authors reported, for sandwich with nanophased cores and glass fiber/epoxy face
sheets, a 20% higher kinetic energy absorption than their neat counterpart with a corresponding
increase in ballistic limit around 12% over the neat control samples. The ballistic limit per areal
density (m*/kg-s) was 22.39, which compares quite favorably with the one obtained in the present
study for cork-based composites, namely 17.37 m’/kg-s, especially if differences in face sheets and
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Figure 14. Close-up views of the damage progression in the front surfaces of sandwich structures based on (a, ¢, e) synthetic foam
and (b, d, f) cork impacted from 25% to 75% E, (from top to bottom).

projectile geometry and mass are taken into consideration. Nasirzadeh and Sabet (2016, 2014)
investigated the effect of polyurethane foam density variations in sandwich structure under high-
velocity impact loadings. The sandwich consisted of composite face sheets made of glass fibers in
unsaturated polyester resin and rigid polyurethane foam core with density of 37, 49, 70, 95, 105, and
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Figure 15. Cross-sectional views of sandwich structures based on (a—c) synthetic foam and (b-d) cork impacted at 75% £, and at
perforation (from top to bottom).
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Figure 16. Residual velocity vs. impact velocity of sandwich structures with (a) cork and (b) synthetic foam as core material.

240 kg/m®. The highest ballistic limit velocity was obtained for specimens with foam core density of
49 kg/m®, while the lowest ballistic limit velocity was for sandwich panel with foam core density of
240 kg/m®. This behavior was ascribed to the increased brittle nature of the foam core with the
highest density. In all cases, the ballistic limit was fund to lie in the range 100-120 m/s, which is
comparable to the one obtained in the present study, even after nanoclay addition in the polyur-
ethane foam core (Nasirzadeh and Sabet 2016).
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Conclusions

The damage resistance of new sandwich structures with agglomerated cork as core and flax/epoxy
laminates as face sheets subjected to low- and high-velocity impacts has been investigated experi-
mentally and compared with a similar sandwich having a synthetic foam as core, namely Rohacell®
110WF. Three samples of each set were tested under impact loading at different percentages of the
respective perforation energy, namely 25%, 50%, and 75%. Impact response of the samples was
recorded and analyzed, while optical and SEM studies were performed to understand the failure and
deformation behavior. The results showed that agglomerated cork can be a renewable alternative to
traditional synthetic foam materials because of its inherent and peculiar mechanical behavior. In
particular, the collapse of cell walls can be effectively exploited for the absorption of high amount of
energy with a limited extension of damage inside the core material. The use of agglomerated cork in
a structure made of two thin flax/epoxy laminates resulted also in a normalized ballistic limit



comparable to that offered by synthetic foam materials. The present study suggests also that there is
room for improvement, especially in terms of peak loads and perforation energies, which were found
to be lower than those offered by high performance and much more expensive synthetic core
materials by taking advantage of the flexibility of agglomerated cork in selection from a broad
range of densities and grain sizes.
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