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ARTICLE INFO ABSTRACT

In recent years, composite materials have assumed an increasingly dominant role in various industrial sectors,
combining lightweight with optimal mechanical properties. In this context, natural fibers are essential for
the development of eco-friendly composites, ensuring a balance between performance and sustainability via
hybridization. This study provides an experimental and numerical analysis on composite laminates subjected
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F?l??:eleinzziosnalysis to Low-Velocity Impact (LVI) tests at different energy levels, after an initial mechanical characterization of
LS-DYNA the materials. Carbon and flax fiber fabrics are chosen as reinforcements embedded in a toughened epoxy

resin, as well as in two hybrid configurations; two different stacking sequences are also investigated, with
the layers placed at 0° and in a quasi-isotropic (ISO) orientation. Hysteresis curves and energy absorption
capability — in terms of specific energy absorption (SEA) - are then discussed and compared to each other,
along with cross-shaped damage propagation on fracture surfaces. Numerical finite element (FE) models of
tensile, compressive, and LVI tests are designed and solved using LS-DYNA software. In particular, tensile and
compressive ones are carried out to calibrate the material cards, which have subsequently been adopted in
the LVI models. The results obtained not only show an agreement between the experimental response and the
simulated one, but also provide a complete investigation of different materials and orientations under LVI in
view of future applications, highlighting the possibility of designing structural components to absorb energy
in hybrid composites reinforced with natural fibers.

Energy absorbers

1. Introduction These materials offer a combination of lightweight, biodegradable,

and interesting damping properties, all qualities that are useful to

The recent advancements in material science coupled with the
growing emphasis on sustainability have led to an in deep interest
towards the world of natural fibers and the composites arising from
them [1]. Nowadays, natural fibers — such as jute, flax, hemp, sisal,
and kenaf [2] — are being combined with a wide range of polymers
— typically resins — or other matrices, resulting in Natural Fiber Com-
posites (NFC) [3]. This increasing interest in NFC during the last years
denoted a growing awareness of the need for sustainable and bio-based
materials in many areas. In order to limit the advance rate of climate
change, also the manufacturing processes related to these new green
materials are slowly evolving by improving resources management,
controlling emissions into the atmosphere, and reducing environmental
pollution.

* Corresponding author.

create versatile and eco-friendly products in different application fields.
In particular, one key advantage of NFC is their low-cost compared
to traditional composites made from synthetic fibers, typically carbon
ones. Another noteworthy advantage is the short supply chain linked
to the production of these materials; since natural fibers are readily
available and can be locally sourced, transportation costs and carbon
footprint are strongly reduced. Therefore, these composites are promis-
ing to re-think product design in a sustainable perspective, associated
with related changes in manufacturing techniques. In this context, new
bio-based constituents and waste materials are proposed for NFC [4].
As previously mentioned, another significant benefit of NFC is their
lightweight nature. Natural fibers have a lower density than synthetic
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fibers, resulting in a lighter composite material. This feature makes NFC
particularly suitable for those applications where weight reduction is
fundamental, such as in the automotive and aerospace industries. In
order to meet the requirements of the European legislation - i.e., the
sustainable development goals of the Agenda 2030 and 2050, including
the targets for the environment, energy and climate — the lightweight
contributes to fuel efficiency and lower emissions while leading to a
more sustainable component. As technology advances and researchers
explore new ways to optimize these materials, NFC will play a pivotal
role in building a more sustainable and resilient future while respecting
the environment.

In the automotive industry, the companies are increasingly incorpo-
rating these materials into the manufacturing of interior components
— such as door panels, seat backs, and dashboards [5]. The eco-
friendly nature of natural fibers makes them particularly appealing also
in the building industry [6,7], where the environmental benefit and
sustainability are increasingly becoming fundamental requirements. In
particular, these composites are adopted as insulation materials [8,9]
and panels for several construction applications [10]. Moreover, the
end-of-life of biomass-based insulation materials in buildings is also
investigated, by suggesting waste-to-energy technologies [11].

Despite the numerous advantages, NFC present several challenges
and some limitations [12] — such as moisture absorption [13], aging
degradation, poor interfacial adhesion between matrix and fibers, and
a wide variability in the mechanical properties of the fiber [14,15],
due to the different growth conditions and harvesting methods. This
variability strongly affects the mechanical properties of the NFC, mak-
ing it difficult to ensure consistent performance. However, ongoing
research focuses on addressing these challenges through innovations in
processing techniques, surface treatments [16], and the development of
hybrid composites [17]. These efforts aim to enhance the mechanical
performance of NFC, and extend their application fields. In particular,
hybrid solutions offer a good compromise in such sense, since synthetic
and natural fibers are both present as reinforcement in the polymer
matrix [18,19]. In literature, several works have investigated NFC, both
experimentally and numerically, also highlighting their limits [20-24].
Hence, as a first approach, these results suggest the introduction of
synthetic fibers into NFC, leading to hybrid composites, to enhance
their properties due to the synergic effect of the coexistence of different
reinforcements. Moreover, the potential of hybridization techniques
relies in the tailoring of the composites performances to satisfy specific
requirements [25]. The material properties variability have also been
analyzed in hybrid configurations which undergo fatigue cycles [26].
In this context, the present work aims to analyze the potential of hybrid
composites in impact events, and their relative modeling, offering a
complete comparison between different materials and orientations. The
wide displacements that NFC offer in LVI tests is an interesting property
in view of future requirements in automotive applications, although the
withstood load is not comparable to carbon fiber laminates. Moreover,
optimization processes are also adopted to find out the experimental
unknown parameters of the material card: in particular, flax laminates
subjected to LVI are already examined using this approach [27]. For
this reason, a wide comparison between natural and synthetic fibers
reinforced polymers is strongly required to better understand their
behavior and, consequently, to identify the area where they can be
applied.

Besides the type of fiber used as reinforcement, researches are also
focusing on study bio-based resin system alternative to synthesized
ones [28]. On the same level, they can be enriched by fillers or
hardeners. Some examples are given by the polylactide acid [29], which
is biodegradable and derived from corn.

On this work, the focus is on thermosetting composites, disregarding
the thermoplastic ones. After an initial mechanical characterization of
laminates made of carbon and flax [30] fiber fabrics, the paper aims
to explore the experimental and numerical impact behavior [31,32]
of these composites. In addition to the above mentioned reinforced
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polymers, the framework of the comparison is completed by hybrid
solutions [33] impacted at the same energy levels. Moreover, for each
type of material, the analyses take into account also the stacking
sequence of the layers: composites with plies oriented at 0° and in a
quasi-isotropic orientation are compared. A more detailed description
of the materials is provided in Section 2. The tensile, compressive,
and LVI tests are presented in Section 3, and then numerically solved
using FE models; the description is provided in Section 4. Finally,
experimental trends and numerical results are compared in Section 5.

By subjecting a material to impact under controlled conditions, its
ability to absorb and dissipate energy can be evaluated, as well as
its overall toughness and durability. The knowledge of this behavior
enables to select the right material in the design phase depending on
the application in which it will be used, based on its ability to withstand
impact forces. For example, in the automotive industry, LVI tests are
used to evaluate the crashworthiness of vehicles and their components.
By simulating impacts at low velocities, the structural integrity can be
verified, ensuring that they meet safety requirements. Moreover, failure
modes can determine and influence energy absorption capabilities; in
particular, natural fibers strongly differ from synthetic ones, showing
fibrils and nonlinear behavior [34]. In order to compare the energy
absorption capability of the materials taken into account in the present
work, the SEA is investigated in Section 3.2.

2. Materials

Four different types of reinforced polymers are experimentally in-
vestigated, and then numerically modeled, starting from carbon (C)
and flax (F) fibers. In addition to single material configurations, two
hybrid solutions are proposed as case study for the LVI tests: carbon-
flax-carbon (CFC), and flax-carbon-flax (FCF). Both the fibers are woven
in a balanced twill 2 x 2 architecture, and they are embedded in the
same toughened epoxy resin, resulting in a PrePreg roll. The laminates
characteristics — namely, fabric grammage, resin content (RC), and fiber
volume fraction (FVF) — are the following: Carbon: 380 g/m?, RC =
38%, FVF = 58%, Flax: 350 g/m?, RC = 52%, FVF = 41%.

All the samples were manufactured by HP Composites SpA, by stack-
ing 8 layers of these PrePregs with the same orientation. As regards
both hybrid composites, the central core is composed of four layers,
while the two outer layers on the same side are of different reinforce-
ment material; thus, CFC stands for C,F,C,, and FCF refers to F,C,F,.
In particular, the tensile and compressive tests are based on single
material specimens oriented at 0° and 90°- [0]g and [90]g, respectively
— to obtain their respective mechanical properties; the 45° orientation
[45]g has been taken into account for the shear properties in tensile
tests, too. Instead, two different stacking sequences are investigated
for the LVI tests: the first refers to the plies placed at 0° orientation,
and the other consists of a quasi-isotropic orientation — i.e., [0]g and
[05/+45/-45/90/0,], respectively. The laminates curing process takes
places in autoclave at 135 °C and 6 bar for 90 min, under a vacuum
bag of —1 bar, with an initial heating ramp (rate of 3 °C/min) and a
final cooling ramp (rate of 4 °C/min) to ensure uniform temperature
distribution and avoid sample deformation.

The overall average thickness of the composites are listed below:
3.36 mm for carbon, 4.96 mm for flax, and 4.00 mm for hybrid.
In particular, since the fabrics crimping of the overlapping layers is
different, it is important to remark that the values differ between
0° and ISO orientations, leading to a greater thickness in this last
case due the layers oriented at 45°. From these, the resulting average
thickness of each ply is equal to 0.42 mm and 0.62 mm, for carbon
and flax respectively. In particular, these are the values adopted for
the materials numerical modeling in Section 4.
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Table 1

Experimental tensile properties of carbon and flax specimens. E,: Young modulus; o, :
tensile strength; G: shear modulus; z,: shear strength; ¢, ,: ultimate strain; ¢, ;: ultimate
shear strain.

E, [GPa] oy, [MPa] G [GPa] 7, [MPa] &, Eus
Carbon 59.4+29 993 +9 33+01 58+0 0.016  0.050
Flax 9.9 + 0.6 138 + 14 1.7+01 40=+1 0.018  0.085
Table 2

Experimental compressive properties of carbon and flax specimens. E.: Young modulus;
0yc: compressive strength; e, .: ultimate strain.

E. [GPa] Oye [MPa] Eue

Carbon 57.4 + 2.5 468 + 15 0.009
Flax 9.0 + 0.2 99 + 8 0.077

Table 3

Mode I (Gy¢) and Mode II (Gy) interlaminar fracture toughness.

Gy [J/m?] Gy [J/m?]
Carbon 2108.6 1810.7
Flax 2000.8 1974.0

3. Experimental tests
3.1. Tensile and compressive tests

Firstly, the mechanical characterization of carbon and flax laminates
is carried out through tensile and compressive tests.

According to the ASTM D3039 standard, the tensile tests are per-
formed on 250 mm x 25 mm rectangular specimens with a test speed of
2 mm/min. For both material configurations, the grips length is 60 mm
on each side; the unconstrained portion of the samples is therefore
equal to 130 mm.

Compressive tests are conducted in accordance with the following
standards, depending on the reinforcement material and its failure
mode: ASTM D6641 for carbon laminates on 140 mm X 25 mm rect-
angular specimens with a test speed of 1 mm/min, and ASTM D695
for flax laminates on 80 mm x 13 mm rectangular specimens with a
test speed of 1.3 mm/min. The tests have involved a free portion of
length 13 mm for carbon, and 20 mm for flax. Buckling phenomena are
observed in both materials, especially in flax laminates, which undergo
a major plastic deformation before failure.

The tensile and compressive properties are summarized in Tables 1
and 2, respectively. The experimental load-displacement curves of both
tests are instead shown in Section 5, coupled with the corresponding
numerical results. For each specific configuration, 5 carbon samples and
4 flax samples have been tested for tensile tests; 3 carbon samples and
2 flax samples have been tested for compressive tests, instead.

The tests described above mechanically characterize the fibers of
the laminates. In addition to these, Double Cantilever Beam (DCB) and
4-point End Notched Flexure (4ENF) tests have also been conducted to
study the matrix properties — i.e., the energy release rate of the epoxy
resin — according to the ASTM D5528 and ASTM D7905 standards,
respectively. The resulting Mode I and Mode II interlaminar fracture
toughness are therefore reported in Table 3.

3.2. Low-Velocity Impact (LVI) tests

Laminate test plates of dimension 100 mm x 100 mm are impacted
at five different energy levels, depending on the materials. As men-
tioned in Section 2, two different stacking sequences of the laminates
are taken into account for each material to have a complete compari-
son. Carbon samples along with both CFC and FCF hybrid laminates are
tested at 20 J, 30 J, 40 J, 50 J, and 55 J, corresponding to a dart impact
velocity of 1.59 m/s, 1.97 m/s, 2.28 m/s, 2.54 m/s, and 2.67 m/s,
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Table 4
Absorbed energies by samples during LVI tests.
Carbon Flax CFC FCF
0° IS0 0° 1SO 0° ISO 0° IS0
10J - - 5.8 5.7 - - - -
15J - - 10.0 103 - - - -
20J 13.2 138 145 138 17.6  17.0 11.6 153
30J 22.3 25.6 26.6 228 28.1 27.5 23.8 26.7
40J 352 365 353 309 395 389 369 384
50 J 46.1 47.6 - - 49.3 496 48.8 49.1
55 J 51.7 53.5 - - - 54.6 54.3 53.8

respectively. Since flax laminates hold a lower impact resistance, the
samples reinforced in fully flax are subjected to lower impact energy
levels: 10 J, 15 J, 20 J, 30 J, and 40 J, corresponding to a dart impact
velocity of 1.13 m/s, 1.38 m/s, 1.59 m/s, 1.97 m/s, and 2.28 m/s,
respectively. The drop tower machine (Instron/CEAST Fractovis Plus)
is equipped with a hemispherical impactor tip of 20 mm diameter
and a total mass of 15.89 kg, which is left constant for all the tests.
By varying the impactor height, the impact energies are reproduced.
Finally, two steel plates with a circular opening of 76 mm diameter
are the boundary conditions of the test machine, through which the
samples are clamped in an interlocking constraint.

The resulting load-displacement curves of both orientations are
shown in Figs. 1 for carbon, in Figs. 2 for flax, in Figs. 3 for CFC, and
in Figs. 4 for FCF, respectively. In LVI tests, the displacements vectors
— i.e., those reported in the graphs, for each material configurations
and orientations — are obtained through a double integration of the
equilibrium equation, starting from the initial velocity of the dart [35].

The energies absorbed by the test pieces are reported in Table 4.
By associating these values with the respective experimental trends, it
is possible to highlight the following evidence: energies are the same
between the 0° and ISO orientations, although the hysteresis curves are
distributed differently, and this is true for each material configuration.
In particular, the 0° orientations offer higher peak force with a minor
displacement, while ISO orientations reduce the load to promote a
greater elongation. In relation to Table 4, the only significantly dif-
ference in values can be found in flax laminates impacted at 20 J.
Similar conclusions are also drawn from the comparison between CFC
and FCF hybrid laminates oriented at 0°, although their elongations
are comparable. More in detail, CFC samples can withstand a lower
force while ensuring a global plateau trend; instead, FCF shows an
initial load peak and, therefore, a variation in the bearing capability.
In order to design an energy absorber component, these considerations
suggest that the first condition is preferable, since it ensures a better
stability during the impact phase due to the constant level of force
to which the specimens are attested. In particular, for this reason, all
the ISO orientations deserve a further investigation in such sense. For
example, it can be seen how the ISO curves greatly differ from those at
0° especially in Figs. 1 and Figs. 4, for carbon and FCF configurations
respectively, where a greater displacement is reached.

In order to compare the energy absorption capability of the ma-
terials, the SEA evaluation is carried out. The values are obtained as
the ratio between the average absorbed energy (please, see Table 4)
and the destroyed mass. This latter, in particular, refers to the mass
of the central cylinder, associated to the unconstrained impact area of
76 mm diameter - i.e., the one interested in absorbing energy — and it
is calculated as the density of the material multiplied by the volume of
this cylinder. Figs. 5 and 6 provide a comparison of the performance
for all the tested materials.

Figs. 7 and 8 report the damage propagation on specimens’ sur-
faces oriented at 0°, highlighting the same failure mechanisms in the
different materials: i.e., as the impact energy increases, the rear of
samples exhibit a growing cross-shaped damage, and the front faces
show the increasingly visible imprint given by the dart fall. In partic-
ular, the visual inspection focuses on 3 energy levels, depending on
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Fig. 1. Experimental load-displacement curves of LVI tests: carbon samples with (a) 0°, and (b) quasi-isotropic orientation.
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Fig. 3. Experimental load-displacement curves of LVI tests: hybrid CFC samples with (a) 0°, and (b) quasi-isotropic orientation.
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Fig. 4. Experimental load-displacement curves of LVI tests: hybrid FCF samples with (a) 0°, and (b) quasi-isotropic orientation.
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Fig. 5. SEA evaluation: (a) Carbon, and (b) Flax.
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Fig. 6. SEA evaluation: hybrid (a) CFC, and (b) FCF.

the material: the minimum, the average, and the maximum common
ones. The same energy levels are then numerically investigated and
reported in Section 5, along with the damage comparison. As expected,
when comparing both hybrid composites to pure material laminates,
the extent of the damage is larger than that of carbon ones, and, on
the other hand, much smaller than that of flax ones. More in detail,
when comparing the two different hybrid configurations each other,
it can be noted how the CFC samples ensures a slightly less damaged
and compacted area with respect to the FCF ones, especially in the
back surfaces. This phenomenon can be explained by the carbon fiber
reinforcement in the outer layers, which allows for a more brittle
failure. Similarly, the outer layers of flax in the FCF configuration
shows a more visible and extensive damage, since the fiber is natural,
and so more weak; in particular, this aspect can be attributable to the
peak loads observed in the experimental hysteresis curves.

4. Numerical modeling

The FE models of the experimental tests presented in Section 3 are
initially created using Altair HyperMesh software. FE analyses are then
performed through the LS-DYNA solver [36].

As previously mentioned in Section 2, the thickness of each modeled
ply is equal to 0.42 mm for carbon, and 0.62 mm for flax.

The most commonly used material card for modeling reinforced
composites on LS-DYNA is MAT54/55 (MAT_ENHANCED_COMPOSITE_
DAMAGE), which is designed to reproduce the brittle behavior of a
unidirectional material, linear up to failure. Another interesting mate-
rial model is MAT58 (MAT_LAMINATED_COMPOSITE_FABRIC), since
it is developed to model composite materials with woven fabrics.
The failure criterion is Chang-Chang for MAT54/55, while MAT58
handle the failure surface type (FS) through a variable in the ma-
terial card. In this study, FS parameter is assumed to be 1, and so

it means that a smooth failure surface with a quadratic criterion for
both the longitudinal and transverse directions is applied. Moreover,
an interaction between normal and shear stresses is assumed for the
evolution of damage in both these directions. For a detailed descrip-
tion and comparison of the material models available in LS-DYNA to
describe the behavior of composite materials, as well as the failure
criteria and required parameters, please see the manual [36] and the
article by Rabiee [37]. In this paper, the behavior of the composites
is described using the MAT54/55 material model for carbon plies,
and the MAT58 for flax plies, according to the experimental values
presented in Section 3. This MAT58 material card is adopted to model
woven natural fibers composites, since it is better able to reproduce the
elasto-plastic trend of natural fibers in the load-displacement plots, and
therefore preferable to MAT54/55. In particular, a detailed analyses
of the failure mechanism of flax fiber is provided by Ahmed [34]: the
initial nonlinear behavior, typical of natural fibers, is related to their
viscoelastic nature and to the rearrangement of fibrils.

The numerical models of the tensile and compressive tests are
created using shell elements under the same quasi-static conditions,
starting from the real specimen dimensions. For both tests, they consist
of 1 composite layer, to which the stacking sequence is assigned in
PART_COMPOSITE. The mesh size is 1 mm for tensile model; for
compression, instead, the elements are of 1 mm for carbon and 0.5 mm
for flax, due to the smaller dimension of the physical samples. Once
the sample is modeled, the boundary condition of prescribed motion
is imposed to one edge - i.e., to the set of nodes tab corresponding to
the varying grip length depending on the test — while a set of nodes
of the same size is constrained for translations and rotations on the
opposite site. Moreover, the set of the moving nodes is also constrained
for translations and rotations, with the only degree of freedom in the
movement direction.

The numerical model for the LVI tests, shown in Fig. 9, consists of
4 composite shell layers, each of which with two integration points
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Fig. 7. Experimental damage progression on laminates surfaces impacted at different energy levels: (a) Carbon, and (b) Flax samples oriented at 0°.

HYBRID CFC

20

40)
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Front Rear

(a)

through the thickness to reproduce the 8 layers of the real spec-
imens. The interlocking boundary conditions are prescribed to the
nodes outside the impact zone of 76 mm: all the degrees of freedom
are constrained, by blocking translations and rotations. The spherical
impactor of 20 mm diameter is modeled as a rigid body with solid
elements using the MAT20 (MAT_RIGID) material card. The total mass

HYBRID FCF

20)

40

50

(b)

Fig. 8. Experimental damage progression on hybrid laminates surfaces impacted at different energy levels: (a) CFC, and (b) FCF samples oriented at 0°.

assigned to the sphere is 15.89 kg, equal to that of the experimental
tests. Finally, the respective initial dart velocities — which correspond
to the tested energy levels — are imposed as initial conditions of the
sphere.

A proper contact modeling needs to be defined to best repro-
duce the impact phenomenon and the delamination of the sample
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Fig. 9. Numerical impact model, with a close-up of the 4 shell layers connected by
the 3 solid cohesive layers.

Table 5
MAT54/55 Material card for carbon plies. Moduli and strengths are expressed in GPa,
density in kg/mm?.

MAT_ENHANCED_COMPOSITE_DAMAGE (MAT54/55)

RO EA EB PRBA

1.44 E-6 60 60 0.03

GAB GBC GCA 2WAY

3.3 3.3 3.3 1

DFAILM DFAILS DFAILT DFAILC

0 0.104 0.083 —-0.074

XC XT YC YT SC
0.47 0.99 0.47 0.99 0.06

plies: firstly, one contact (CONTACT SURFACE_TO_SURFACE) is im-
posed between the sphere and the laminate to analyze the interaction
between the master and slave surfaces during the impact. Then, the sin-
gle surface contact (CONTACT_AUTOMATIC_SINGLE_SURFACE) helps
to avoid the interpenetration of the elements, involving the whole
slave part. Then, the four plies of the composite are each other
connected by three layers of cohesive solid elements, to which the
MAT138 (MAT_COHESIVE_MIXED MODE) material card is associated.
Compared to the widely used tiebreak contacts, the cohesive modeling
allows to better describe the interlaminar interactions; in particular,
the fracture toughness values of Gic and Gy, reported in Table 3,
are inserted inside the card. Unlike the parameters that handle the
tiebreak card, since experimental values can be directly used in the
cohesive card — without adversely affecting the computational costs
related to a thin solid mesh of the elements -, the choice to adopt a
cohesive modeling results preferable to the tiebreak contacts between
the laminate plies. For clarity, in Fig. 9, these solid elements hide the
material shell layers from the view.

The same model is adopted for all material configuration and for all
impact energy cases, by changing the initial velocity of the sphere, the
thickness and the orientation of the layers, along with the properties of
the MAT54/55 and MAT58 material cards.

5. Results and discussion

In the same order as they are presented in Section 3, the
experimental results are here compared with the numerical ones.

Tables 5 and 6 summarize the parameters of the two material cards:
as described in Section 4, they are MAT54/55 for carbon, and MAT58
for flax, respectively. In particular, the 2WAY parameter in MAT54/55
enables to consider fiber behavior in both longitudinal and transverse
directions, as a woven fabric.
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Table 6
MAT58 Material card for flax plies. Moduli and strengths are expressed in GPa, density
in kg/mm?>.

MAT_LAMINATED_COMPOSITE_FABRIC (MAT58)

RO EA EB PRBA

1.27 E-6 10 10 0.12

GAB GBC GCA ERODS FS
1.7 1.7 1.7 0.25 1
E1l1C E11T E22C E22T GMS
0.08 0.02 0.08 0.02 0.08
XC XT YC YT SC
0.1 0.13 0.12 0.15 0.04

As regards mechanical characterization on carbon and flax lami-
nates, the computation of tensile and compressive models allows to
calibrate the material card parameters correctly, depending on the
experimental properties. The load-displacement curves comparisons
between experimental tests and numerical models are presented below.
In particular, Figs. 10 and 11 illustrate the tensile results of carbon and
flax, respectively; similarly, Figs. 12 and 13 refers to the compressive
tests. Since both fabrics are balanced, the same results are numerically
obtained for 0° and 90° orientations.

From the experimental point of view, instead, the compression of
flax deserves a remark: a slight difference can be observed between the
curves in 90° orientation, hence no correct reproducibility is reached.
Relying on the above mentioned bucking phenomenon (please, see Sec-
tion 3), along with the number of tested specimens, the problem can
be attributed to the testing phase or in production technique, and,
therefore, new further analyses need to be done in the future. Moreover,
the presence of fibrils, typical of natural fibers, generates a macroscopic
variable failure modes from case to case in the samples, depending on
the microscopic single fiber fraying mode in the yarn of the fabric.

With respect to LVI tests, the numerical investigation has involved
part of the material configurations — i.e., carbon, flax, and hybrid
CFC. To summarize the behaviors of each of these, the criterion was
to choose 3 energy levels, as previously mentioned in Section 3.2: the
minimum, the average, and the maximum common ones. Figs. 14 and
15 show the load—-displacement curves comparison for carbon plates in
both 0° and ISO configurations, respectively. In the same way, Figs. 16
and 17 provide the experimental and numerical LVI curves for flax
laminates, and, finally, Figs. 18 and 19 refer to the results of hybrid
CFC, in both 0° and ISO configurations, respectively.

The numerical hysteresis curves are similar to the experimental
ones, although the presence of some load peaks, common to all the
results. In particular, the following evidence can be highlighted in both
0° and ISO materials orientations: on the one hand, carbon models
exhibit a numerical greater load in the final part of the linear phase
with respect to the experimental curves; on the other, the same trend to
overestimate the load is also found in flax models, but in the subsequent
plastic phase, with oscillations due to a noisy load. As regards the
terminal part of the curves, in those cases where no perforation of
the test pieces has occurred, the spring back phase is numerically well
reproduced.

Alongside to these results, a damage analysis has also been con-
ducted to validate the model ability to reproduce the experimental
failure mode of the samples. Figs. 20 show the comparison between
experimental and numerical cross-shaped damages on carbon lami-
nates impacted at 50 J, from which the stress distribution in the two
directions is clearly visible in both front and rear surface.

6. Conclusions

The present paper provides a comprehensive experimental and nu-
merical investigation of composites subjected to LVI tests. The analyses
are conducted on different types of reinforcement — namely, flax,
carbon, and hybrid flax-carbon (CFC and FCF) laminates. The impact
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Fig. 10. Experimental and numerical load-displacement curves of tensile tests: carbon samples oriented at (a) 0°, and (b) 90°.
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Fig. 11. Experimental and numerical load-displacement curves of tensile tests: flax samples oriented at (a) 0°, and (b) 90°.
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Fig. 12. Experimental and numerical load-displacement curves of compressive tests: carbon samples oriented at (a) 0°, and (b) 90°.

energy levels to which the specimens are subjected to are chosen
according to the material strength, and overall are the following: 10
J,15J, 20 J, 30 J, 40 J, 50 J, and 55 J. In particular, only the samples
reinforced in fully flax are subjected to lower impact energy levels. To
properly model the different nature of these reinforcement fibers, two
different LS-DYNA material cards are adopted — i.e., MAT54/55 for
carbon plies, and MAT58 for flax plies, respectively. More specifically,
the MAT54/55 is designed to reproduce the linear behavior until
failure, typical of brittle materials, and the MAT58 better describes the
nonlinear counterpart of natural fibers. A first mechanical characteriza-
tion has involved tensile and compressive tests on carbon and flax fiber
composites, from which the material model parameters are properly
calibrated, according to both experimental computed properties and
observed behaviors. Subsequently, the material cards thus obtained
are successfully employed in the LVI numerical models, to predict the

composite laminates responses at different energy levels, allowing for
a good reproduction of the experimental load-displacement curves.
By associating the energies absorbed by the specimens during LVI
with the respective experimental trends, the following evidence has
been found for each material configuration. No significant differences
are detected when changing the fiber orientation - i.e., from 0° to
the ISO configuration -, although the hysteresis curves are differently
distributed in the load-displacement graphic, and hence their shapes
do not overlap. More in detail, the 0° orientations offer higher load
peaks coupled with a minor maximum displacements, while the ISO
orientations reduce the load to promote instead a greater elongation.
Similar conclusions are also drawn from the comparison between hy-
brid laminates (CFC and FCF) oriented at 0°, although their elongations
are comparable. In particular, CFC samples can withstand a lower force
while ensuring a global plateau trend; instead, FCF shows an initial load
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displacement curves of compressive tests: flax samples oriented at (a) 0°, and (b) 90°.
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Fig. 14. Experimental and numerical load-displacement curves of LVI tests: carbon samples oriented at 0° impacted at (a) 20 J, (b) 40 J, and (c) 50 J.
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Fig. 15. Experimental and numerical load-displacement curves
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Fig. 16. Experimental and numerical load-displacement curves of LVI tests: flax samples oriented at 0° impacted at (a) 10 J, (b) 20 J, and (c) 40 J.
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Fig. 17. Experimental and numerical load-displacement curves of LVI tests: flax samples with quasi-isotropic orientation impacted at (a) 10 J, (b) 20 J, and (c) 40 J.
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Fig. 18. Experimental and numerical load—displacement curves of LVI tests: hybrid CFC samples oriented at 0° impacted at (a) 20 J, (b) 40 J, and (c) 50 J.
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Fig. 19. Experimental and numerical load-displacement curves of LVI tests: hybrid CFC samples with quasi-isotropic orientation impacted at (a) 20 J, (b) 40 J, and (c) 50 J.

peak and, therefore, a variation in the bearing capability. In conclusion,
the overall energy performances are resulted comparable. Anyway, in
order to design an energy absorber component, the obtained results
indicates the first condition as preferable, since it ensures a better
stability during the impact phase, due to the constant level of force
to which the specimens are attested.

When comparing the energy absorption capability, neither flax nor
hybrids reinforcements achieve comparable values to carbon ones,
which clearly exhibit the highest SEA values in each impact energy
level. However, both hybrid configurations (CFC and FCF) are showed
promising and satisfactory results for the above-mentioned reasons.
From a crashworthiness perspective, in the design process of a com-
ponent, the key aspects to be taken into account concern the energy
absorption capability and the distribution of the hysteresis curve in
terms of load and displacement, with a special focus to maintaining a
maximum load plateau during impact events as constant as possible. In
this regard, ISO orientations ensure a greater stability for each tested

10

material, and, for this reason, they deserve a further investigation in
such sense.
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Fig. 20. Experimental and numerical damage progression on carbon laminates surfaces
impacted at 50 J: (a) front, and (b) rear.
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