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Abstract

The present PhD thesis investigates the potential of replacing conventional
materials used in industrial applications with sustainable and lightweight
alternatives, addressing the growing need to reduce environmental impact and
improve resource efficiency. The research focuses on advanced materials and
innovative technologies, including sandwich structures, bio-based materials, and
additive manufacturing, with the aim of evaluating their applicability.
Lightweight design and material sustainability are increasingly critical factors
across various sectors, particularly in transport, aerospace, and energy. Composite
sandwich structures are widely adopted due to their excellent combination of low
density and high mechanical performance. However, end-of-life management
remains challenging, as the separation of components and limited recyclability of
synthetic matrices hinder sustainable disposal and recovery. To overcome these
limitations, this thesis explores sustainable sandwich structures incorporating bio-
based polymers or recyclable metal alloys, offering a balance between mechanical
performance, reduced weight, and environmental compatibility.

The first part of the research focuses on traditional and hybrid sandwich structures,
exploring the use of metal and eco-friendly alternatives. An extensive
experimental campaign was carried out to characterise their mechanical behaviour
under various loading conditions, including quasi-static indentation and low-
velocity impact. The effect of indenter geometry was investigated, and a
predictive coefficient, the Dynamic Scaling Factor, was introduced to estimate the
material’s response to dynamic loading based on simpler and more cost-effective
static tests. Comparative analyses were also performed between all-metal
aluminium honeycomb structures and conventional materials with equivalent

flexural stiffness.



Further investigations focused on hybrid sandwich structures, specifically
Flax/AHS and Basalt/AHS configurations. The mechanical response of these
structures was evaluated under different loading conditions, and failure
mechanisms were systematically assessed using visual inspection, radiography,
microscopy, and thermography.

The second part of the research focuses on additive manufacturing techniques,
with particular attention to biodegradable polymeric materials such as PLA and
foamed PLA. The study investigates the influence of process parameters on foam
morphology, bending and impact behaviour, and failure mechanisms. Foam
additive manufacturing is highlighted as a promising approach for producing
lightweight, recyclable, and environmentally friendly structures, forming a bridge
between theoretical investigations and practical applications for sustainable
industrial components.

Overall, the results demonstrate that sustainable sandwich structures and PLA-
based additive manufactured materials can effectively replace conventional
solutions, integrating advanced design, green materials, and modern production
technologies. By combining lightweight principles with high mechanical
performance and improved end-of-life management, these approaches provide a
promising strategy for enhancing industrial sustainability, reducing environmental

impact, and supporting circular economy practices across multiple sectors.
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1. Introduction

In recent years, the demand for sustainable and energy-efficient technologies has
become increasingly relevant in a wide range of industries. Among the key
strategies to meet environmental and regulatory targets, reducing structural weight
is particularly effective. Lightweight design not only contributes to fuel savings
and reduced operating costs, particularly in the transport sector, but also helps to
reduce greenhouse gas emissions and minimise resource consumption.

At the same time, the increasing focus on sustainability drives industries to adopt
material-based solutions that consider the full life cycle, from raw material
extraction to end-of-life disposal. This trend highlights the need for recyclable,
repairable or biobased alternatives to conventional composites. While traditional
fibre-reinforced polymer (FRP) materials offer excellent mechanical properties,
they still pose challenges in recyclability, multi-material separation, and overall
environmental impact.

Additive manufacturing (AM) is emerging as a promising technology for design,
manufacturing, and supply chains. Many industries are increasingly exploiting its
potential to produce high-performance components through advanced digital
manufacturing and greater design freedom. However, in some sectors, AM
adoption remains limited due to the lack of standardised design methods,
established workflows, and rigid regulations. Despite these limitations, AM offers
substantial advantages in material efficiency and customization, making it
particularly attractive for the development of lightweight structures and
sustainable solutions. Its compatibility with biodegradable and low-impact
materials further enhances its role in circular economy strategies, particularly in

sectors such as packaging.



These technological and environmental challenges have motivated the
development of innovative structural solutions that combine mechanical
efficiency, durability, and ecological performance. In this context, aluminium
honeycomb sandwich (AHS) structures are promising due to their high strength-
to-weight ratio, energy absorption capacity, and recyclability. Nevertheless, their
implementation in structural components requires a detailed understanding of
dynamic behaviour, failure modes, and integration potential.

This PhD thesis investigates strategies and structural solutions to assess the
potential of innovative and sustainable materials for industrial applications,
focusing on two main directions:

e development and characterisation of full-metal and hybrid AHS structures
for transport applications;

e evaluation of biodegradable polymer-based materials, including PLA and
foamed PLA, produced via additive manufacturing for food and
packaging applications.

The methodology combines experimental investigation, theoretical evaluation and
critical interpretation of results to identify optimal solutions in terms of

mechanical performance, sustainability and industrial applicability.

1.1 Objectives

This thesis aims to study and develop lightweight and sustainable structural
solutions, focusing on the design, characterisation and improvement of advanced
materials and configurations. Specifically, it addresses:
1. Aluminium honeycomb sandwich structures
e Investigating the mechanical behaviour, damage mechanisms, and
dynamic response of AHS under quasi-static perforation and low-velocity

impact;



Evaluating the potential benefits of hybridising AHS with natural fibres
(e.g., flax) and mineral fibres (e.g., basalt) to improve performance and
failure resistance;

Developing methodologies and design guidelines, introducing a Dynamic
Scaling Factor to predict dynamic behaviour from static test data,

supporting efficient and safer design procedures.

2. Biodegradable PLA-based materials via additive manufacturing

Assessing the mechanical properties and environmental impact of PLA
and foamed PLA, while analysing how process parameters influence
foam morphology and performance, with the aim of optimising material

properties and expanding potential industrial applications.

3. Comparative and sustainability assessment

Comparing the proposed solutions with conventional materials in terms
of weight reduction, mechanical efficiency, and sustainability, while
performing a comprehensive environmental impact assessment to support

sustainable development.

The objectives are pursued through a systematic and multidisciplinary approach,

which includes:

A comprehensive literature review to identify current advances in
manufacturing techniques, design strategies and optimisation methods
applicable to sandwich structures and additive manufacturing;

Experimental investigations for characterising the mechanical response
and failure modes of the proposed materials and structures. The response
of the analysed structures evaluated through quasi-static perforation tests,
low-velocity impact tests, and three-point bending tests. The failure
modes were assessed using non-destructive testing, specifically visual

inspection, thermography, and radiography;



Critical comparison with conventional materials and structural solutions,
highlighting advantages in terms of mechanical performance, weight
reduction, and sustainability;

Assessment of environmental impacts related to the materials and
considered processes, providing a comprehensive evaluation to support

sustainable development.

This work aims to advance knowledge on innovative lightweight structures,

providing both theoretical insight and practical guidance to facilitate their

adoption across relevant industries.

1.2 Structure of the thesis

The thesis is organised into seven chapters, structured as follows:

Chapter 1 — Introduction provides a brief introduction to the topic and
presents the objectives and structure of the thesis.

Chapter 2 — Sustainability, Lightweight Materials and Innovative
Technologies provide an overview of the state of the art in lightweight
and sustainable structural design. It examines how technological
innovation, sustainability goals, and regulatory requirements are driving
changes in modern mechanical design, focusing on weight reduction and
the selection of sustainable materials, particularly in high-impact sectors
such as transport. The chapter introduces and classifies composite and
sandwich structures, explaining their design principles, mechanical
response under bending and impact, and typical failure modes. It also
presents a literature review on the applications of full-metal, composite,
and hybrid sandwich structures. Furthermore, an introduction to additive
manufacturing is provided, highlighting its applications in modern

engineering.



Chapter 3 — Quasi-static and impact behaviour of sandwich structures
deal the investigation on the mechanical performance of aluminium
honeycomb sandwich panels compared to conventional composite
sandwiches, such as GFRP skins with polymeric or balsa cores. Quasi-
static indentation and low-velocity impact tests were carried out to
evaluate energy absorption and damage mechanisms under localised
loading. The chapter highlights the potential of AHS as lightweight, high-
performance, and sustainable alternatives to conventional composites.
Chapter 4 — Mechanical behaviour of hybrid sandwich structures
provides an analysis of the mechanical performance of aluminium
honeycomb panels hybridised with natural fibre skins. Two
configurations were considered: panels with flax fibre reinforced skins
and panels with basalt fibre reinforced skins. Flexural tests and low-
velocity impact experiments were carried out to assess the influence of
hybridisation on stiffness, energy absorption, and failure mechanisms.
The chapter focuses on the role of different fibre reinforcements in hybrid
sandwich panels and their implications for sustainable and high-
performance design.

Chapter 5 — Mono-material sandwich structures produced by innovative
additive manufacturing process focuses on the characterization of
biodegradable PLA sandwich panels produced by Foam Additive
Manufacturing. The chapter presents the design of PLA specimens with
different core configurations and their evaluation under bending and low-
velocity impact loading. The chapter focuses on the influence of core
morphology and printing parameters on the design of lightweight,
sustainable, and high-performance sandwich structures for applications

ranging from structural components to eco-friendly packaging.



Chapter 6 — Discussion addresses the interpretation of the results from
the experimental chapters. It presents comparisons between different
sandwich configurations and examines energy absorption behaviour to
provide an understanding of the mechanical performance of the
investigated specimens under various loading conditions.

Chapter 7 — Conclusions summarise the main findings of the thesis,
underlining the potential of metallic, hybrid, and polymer-based sandwich

structures for the development of lightweight and sustainable solutions.



2. Sustainability, lightweight materials

and innovative technologies

The evolution of structural design in recent years has been deeply influenced by
material innovation, optimisation of production processes and the increasing focus
on economic and environmental sustainability. In this context, the focus on
lightweight and sustainable materials has become a strategic priority for several
industrial sectors, particularly those characterised by high-energy consumption
and significant environmental impact, such as transport, logistics and aerospace.
Reducing structural weight is a key strategy for reducing fuel consumption and
emissions, thus contributing concretely to global climate neutrality goals.
However, the concept of lightweighting must be integrated with that of
sustainability, directing development towards materials and structural solutions
that are not only mechanically efficient, but also recyclable, renewable or
biodegradable. In this scenario, there are two main lines of research and
innovation: the use of advanced composite materials, such as sandwich structures,
which offer high mechanical performance with low mass; and the use of
innovative manufacturing technologies, such as additive manufacturing, which
allows for the design and production of geometrically, functionally and
environmentally optimised components. This chapter analyses the state of the art
on the use of innovative materials and technologies in sustainable design.

The first part outlines the environmental and industrial context motivating the
need for lightweight and low-impact solutions, with a focus on transport sector
emissions and global decarbonisation goals.

This is followed by an analysis of composite materials and sandwich structures,

exploring their potential in terms of specific strength and structural optimisation.



Particular attention is paid to the hybridisation of sandwiches, with the aim of
improving their mechanical behaviour and sustainability throughout their life
cycle.

The last section of the chapter is dedicated to the opportunities offered by additive
manufacturing, with a focus on biodegradable materials and variable density
configurations, evaluating their potential for lightweight and circular applications,

such as packaging and components with low environmental impact.

2.1 Background

In recent decades, mechanical and structural design has undergone significant
transformations, driven by technological progress in manufacturing processes,
advances in materials science and increasing regulatory, economic and
environmental demands. Two of the main challenges that influence modern
mechanical design are the weight reduction of structures and the introduction and
use of environmentally sustainable materials, especially in sectors with high
energy consumption and environmental impact such as transport.

Recent data from the Global Carbon Budget 2024 indicate that fossil fuel-related
carbon dioxide (CO:) emissions reached approximately 37.4 £+ 2 gigatonnes (Gt)
globally in 2024, an increase of 0.8% [-0.3% to +1.9%] compared to 2023 [1]
(Figure 1).

This trend reflects the persistent difficulty in decarbonising the key sectors of the
global economy. This trend reflects the persistent difficulty in decarbonising the
key sectors of the global economy. In particular, the transport industry remains
one of the largest contributors, with about 8.24 GtCO: released in 2023 (=21% of
global CO: emissions), making it the world's second largest emitting sector after
energy [2]. Despite increasing efforts towards electrification and the spread of
alternative fuels, emissions continue to grow due to the continuous increase in

demand for mobility, logistics and international trade.
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Figure 1: Global fossil CO2 emissions [1].

To remain on track to achieve Net Zero Emissions (NZE) by 2050, the transport
sector must reduce emissions by more than 3% per year until 2030. Achieving this
goal will require not only cleaner energy sources and electrification, but also a
radical shift in design philosophy, where lightweighting and material innovation
play a central role. Lightweight design is a strategic driver to simultaneously
reduce fuel consumption, limit greenhouse gas emissions and improve system
efficiency. A lighter vehicle requires less propulsion energy, improves dynamic
performance and allows the downsizing of other subsystems (e.g. engines and
braking systems), with consequent benefits on the entire design architecture.
These advantages explain why an increasing number of industries, automotive,
aerospace, rail and marine, are investing in multi-material design, hybridisation
and lightweight solutions: in the maritime sector this translates into lower fuel
consumption, greater payload capacity and reduced emissions on long trips [3],
[4], while in aerospace it results in lower operating costs and greater fuel
economy, both key to reducing aviation's environmental footprint [5], [6].

At the same time, environmental sustainability is no longer a secondary constraint

but a design requirement. This evolution is also driven by increasingly stringent



international regulations, such as the European Green Deal and the International
Maritime Organization (IMO) decarbonisation targets for shipping, which push
industries toward a transition to circular and low-impact models. As a result,
structural designers must increasingly balance performance, cost and
environmental impact in an integrated, systemic approach.

The adoption of advanced lightweight materials, such as fibre-reinforced
composites, metal alloys with a high strength-to-weight ratio and new bio-based
materials, has become increasingly important in the automotive, aerospace and
maritime sectors. These materials make it possible to reduce structural mass
without compromising safety or performance, thus improving energy efficiency
and helping to reduce environmental impact throughout the product life cycle.
The growing complexity of material selection and structural optimisation has also
driven the integration of advanced digital tools into the design process.
Techniques such as generative design and topology optimisation enable the
creation of geometrically efficient structures that maximise performance while
minimising material usage. In parallel, Life Cycle Assessment (LCA) provides a
global view of the environmental impacts associated with materials and
manufacturing choices, supporting the development of sustainable solutions that

consider recyclability, resource efficiency, and end-of-life strategies.
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2.2 Composite materials

The rising interest in composite materials reflects the growing demand for
lightweight, high-performance structures for reducing fuel consumption and
emissions. In the transport industry where structural mass has a direct impact on
energy efficiency and environmental footprint, composite materials offer a good
alternative to traditional metal solutions [7].

Composite materials are heterogeneous systems consisting of the combination of
two or more distinct phases (Figure 2), typically known as matrix and
reinforcement, with the aim of achieving superior mechanical and physical

properties compared to the individual constituents [8], [9].

Figure 2: Composite schematic representation.

The interaction between these phases allows the final material to exhibit better
characteristics, such as increased stiffness, strength, durability and a superior
strength-to-weight ratio, which are crucial in advanced structural applications.
Over time, this growing demand has led to a sharp increase in the production and
use of composite materials in all industries, thus intensifying their environmental
impact [10], [11], [12].

Composite materials can be classified according to the nature of their constituents,

i.e. base material and filler material [13]. The matrix (or base material), consisting

11



of a homogenous continuous phase, ensures the cohesion of the composite
material by enclosing the reinforcing material. Depending on the type of matrix,
composites are mainly divided into three categories:
e Polymer-matrix composites (PMC).
e Metal-matrix composites (MMC).
e (Ceramic-matrix composites (CMC).
The reinforcement material consists of a dispersed phase embedded in the matrix,
which provides stiffness and mechanical strength to the final material. The
arrangement and orientation of the fibres define the properties and structural
behaviour of the composite material [14]. Depending on the type of fibre
reinforcement, composites can be classified into:
e  Particle-reinforced composites: containing particle reinforcements
dispersed in the matrix.
o Fibre-reinforced composites: characterised by the presence of fibres,
which can be:

e Continuous fibres: long fibres that can be unidirectional (aligned
along a single axis) or bidirectional (twisted or arranged in two
perpendicular directions).

e Discontinuous fibres: short fibres that can be aligned in a specific
direction or randomly oriented.

e  Structural composites: such as laminated composites, metal matrix
composites with reinforcement and sandwich panels.
A comprehensive classification of composite structures based on reinforcement
type is illustrated in Figure 3.
Among the various categories, continuous-fibre composites, particularly
unidirectional ones, are widely used in high-performance applications due to their
excellent ability to bear loads along the fibre axis. Discontinuous -fibre

composites, while generally exhibiting lower mechanical properties, offer better

12



formability and are often easier to manufacture. This makes them suitable for

complex geometries or low-cost applications.

B
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Figure 3: Composite structures classification.

In addition to fibre morphology, an important classification is based on the origin

of the fibres, which plays a significant role not only in terms of performance but

also in the overall environmental impact of the final composite [15]. Fibres can be

grouped into three main categories:

o  Synthetic fibres: including glass, carbon and aramid fibres, are the most

common for structural applications.

Glass fibres (GFRP) are valued for their low cost, good
mechanical strength and corrosion resistance. These
characteristics making them suitable for large-scale industrial
applications, including wind turbine blades, marine structures and
construction components.

Carbon fibres (CFRP) offer high strength-to-weight and stiffness-
to-weight ratios, making them the favourite choice in aerospace,

motorsport, and high-performance applications. However, their

13



production is energy-intensive, and their recyclability remains
limited.

e Aramid fibres (AFRP), such as Kevlar, are known for their
toughness and impact resistance, and are often used in ballistic
protection and dynamic loading environments.

Natural fibres, which are sourced from renewable resources, can be
broadly classified into cellulosic fibres, such as flax, hemp, jute, sisal, and
cotton, and mineral fibres, such as basalt. Cellulosic fibres are
biodegradable, lightweight, and require significantly less energy to
produce compared to synthetic reinforcements [16]. Although their
mechanical performance is lower than that of synthetic fibres, they are
increasingly used in applications such as automotive and ship interiors,
packaging, and low-load structural components. Their relevance is
particularly notable in eco-design and circular economy strategies, where
material sustainability and end-of-life considerations are crucial. Mineral
fibres are extracted from natural volcanic rocks and represent an
intermediate solution in terms of performance and sustainability between
synthetic and cellulosic fibres. Basalt fibres offer good mechanical
strength, high thermal resistance, chemical durability, and a lower
environmental impact compared to glass or carbon fibres. These
properties make them attractive for marine, automotive, and construction

applications.

Figure 4 shows a summary of the classification of synthetic and natural fibres.

Synthetic FRPs are not biodegradable and can persist in the environment for

hundreds of years. Despite their environmental drawbacks, they are widely used

in the transportation sector due to advantageous properties such as corrosion

resistance and a high strength-to-density ratio [17], though they remain vulnerable

to impact damage [18]. Managing the end-of-life (EoL) of these composites

14



remains a critical challenge, as fibre-reinforced polymers are difficult to recycle,
hazardous and costly to dispose of, and require significant energy during

production.

Figure 4: Classification of synthetic and natural fibres [15].

These issues underscore the importance of incorporating sustainable
considerations in a product's life cycle assessment (LCA), from raw material
extraction to EoL strategies, and highlight the need for alternatives such as reuse,
recycling, and safe disposal. Therefore, to minimize environmental impact and

promote sustainable development, the introduction of environmentally friendly

15



materials and innovative technologies is necessary.

In this context, bio-composites emerge as a promising eco-sustainable alternative.
Made with natural fibres as reinforcement and bio-based polymers as the matrix,
they offer environmental advantages over synthetic composites, including lower
impact and greater availability [19]. Nevertheless, natural fibres have certain
limitations as they are sensitive to moisture, which can lead to swelling, and often
exhibit weaker adhesion to polymer matrices. Although their mechanical
properties are generally inferior to those of synthetic fibres, their lower density
can provide advantages for weight reduction in composite applications,
particularly in non-structural automotive components.

Beyond natural fibre composites, another sustainable approach involves structural
composites such as laminates and sandwich panels, which combine layers or
components to optimise performance under specific loading conditions. These
configurations are especially beneficial in aerospace, automotive, and marine
engineering, where a high performance-to-weight ratio is essential. Owing to their
mechanical efficiency and design flexibility, these types of composites will be

further analysed in the following section.
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2.3 Sandwich structures

Sandwich structures are an advanced form of structural composites widely used
in engineering fields such as aerospace, automotive, marine and civil engineering,
where weight reduction and high mechanical performance are critical
requirements. The American Society for Testing and Materials (ASTM) defines a
sandwich structure as follows:

“A structural sandwich is a special form of a laminated composite comprising of
a combination of different materials that are bonded to each other so as to utilise
the properties of each separate component to the structural advantage of the
whole assembly.”

Sandwich structures consist of two rigid and strong outer faces bonded to a
lightweight core. This configuration increases the overall thickness and moment
of inertia without significantly increasing mass, thus improving the structure's
stiffness and flexural strength, following the same principle as I-beams [20], [21].
Figure 5 shows a schematic representation of a typical sandwich structure and its

components: faces, core material and adhesive joints.

T r— Face material

Adhesive joint + Core material

Wz «<— Face material

Figure 5: Schematic of a sandwich structure.
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The face sheets, typically made of high-strength materials such as metals or fibre-
reinforced composites, are mainly responsible for in-plane load transfer and
flexural rigidity, like the flanges of an I-beam.

The core, usually a lightweight material such as foam, honeycomb or lattice
structures, increases the panel thickness, thereby maximizing the area moment of
inertia (/) and section modulus (W), with minimal weight contribution, thus
improving its strength-to-weight ratio and flexural rigidity [22]. Figure 6
illustrates the so-called “sandwich effect”, assuming a scenario where the density

of the skins is 20 times greater than that of the core.

Solid material Sandwich structure
- 1 <+
N Peore™ 20 Pskin
Area moment of Inertia I (facings) 1 4 37
Section modulus W (I/d wax neutrat axis) 1 35 9.2
Total weight 1 1.05 1.15

Figure 6. "Sandwich effect”.

Several researchers have extensively studied the mechanical efficiency,
manufacturing challenges, and failure mechanisms of sandwich structures in
various engineering fields [23], [24], [25]. Despite the wide variety of possible
sandwich configurations, it is possible to identify some common advantages and
limitations. Table 1 summarises the main advantages and disadvantages reported
in the literature for sandwich structures.

Sandwich structures can be classified according to the nature of the materials used
for the surfaces and core, as well as the geometric configuration of the core. These
classifications are essential to understanding the design flexibility and application-

specific customization that sandwich systems offer.
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Table 1: Advantages and limitations of sandwich structures

Advantages

Limitations

High strength-to-weight and stiffness-

to-weight ratios

Complex design due to diverse material

combinations and failure modes

Ability to combine different material

properties in one structure

Challenging design and implementation

of joining systems

Excellent crashworthiness and good

damping properties

Sensitivity to core damage and face-

core debonding

Reduction in number of parts and

assembly time

Possible manufacturing difficulties and

strict quality control

Improved component quality through

prefabrication

Limited fire resistance depending on

materials

Simplification of structural architecture

Higher initial costs for design and

materials

Time and cost savings during assembly

Maintenance and repair are often more

complex

SANDWICH STRUCTURES

ALL-METAL

Facings Metallic sheet
Metallic unidirectional
Core or multi-directional

stiffeners

COMPOSITE

Fibre-reinforced
composite

("‘\.
N, .
) o8
\ s
b by L -

HYBRID

Fibre-reinforced composite
or metallic sheet

Non-metallic unidirectional or
multi-directional stiffeners,
non metallic solid layer

Non-metallic or
metallic structure

Figure 7: Material-based classification of sandwich structures.
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Figure 7 illustrates the classification of sandwich structures based on material

composition.

All-metal sandwich structures employ metallic face sheets combined with
cores made of metallic unidirectional or multidirectional stiffeners.
Materials such as aluminium, steel, or titanium alloys are typically used.
This configuration provides excellent fire resistance, thermal conductivity
and structural integrity, and is often chosen when high mechanical
performance under extreme conditions is required. The use of similar
materials for both facings and core also facilitate manufacturing and
bonding compatibility. Common applications include aerospace, defence,
and civil structures exposed to high thermal or mechanical loads.
Composite sandwich structures feature fibre-reinforced polymer (FRP)
face sheets such as CFRP or GFRP, bonded to non-metallic cores
including unidirectional or multidirectional stiffeners, solid layers, or
foams. They provide superior strength-to-weight ratios, corrosion
resistance, and fatigue life. These structures are widely used in the
aerospace, automotive, and marine industries, especially where
lightweight construction is critical.

Hybrid sandwich structures combine different classes of materials in the
surfaces and core to exploit the specific benefits of each component. For
example, lightweight composite skins can be combined with metal cores
to improve mechanical strength and thermal stability, or metal surfaces
can be combined with polymer or bio-based cores to reduce weight and
improve environmental performance. This configuration enables the
development of structures that are simultaneously lightweight, strong, and
tailored to the functional and environmental requirements of the intended

application.

The core material in sandwich structures plays a crucial role in defining the
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mechanical behaviour, weight, and overall performance. Depending on the

geometry and distribution of the core material, sandwich structures can be

classified into three main categories:

Unidirectional stiffeners: the core consists of beams, bars, profiles,
corrugations, or extrusions aligned predominantly in one direction. These
reinforcements provide good bending stiffness and strength primarily
along the alignment direction. Some examples include corrugated
cardboard or corrugated sheets.

Multi-directional stiffeners: the core features geometries that provide
stiffness and support along several axes, allowing loads to be distributed
more evenly throughout the structure. Examples include honeycomb
cores, foam cores, and lattice structures. These configurations provide
enhanced performance in terms of shear strength and indentation
resistance, making them highly versatile for a variety of engineering
applications.

Solid core: the core consists of a continuous, homogeneous material layer
without internal voids or cellular geometry. This configuration provides
uniform mechanical support and high compressive strength. Solid cores
are particularly suitable for applications requiring high load capacity and

impact resistance, where weight is a secondary concern.

Figure 8 provides a visual summary of the three main core types, with

representative examples that highlight the wide range of geometries and materials

available for sandwich structure design. Selecting the most appropriate core

configuration is critical for tailoring the panel’s performance to specific

requirements such as stiffness, strength, weight, and environmental response.

Adhesive joints ensure effective stress transfer between the core and face plates,

playing a crucial role in maintaining structural integrity under load. Various types

of structural adhesives can be used depending on the materials involved and the
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performance requirements. Common examples include epoxy resins, which offer
high strength and excellent thermal and chemical resistance; polyurethane
adhesives, valued for their flexibility and versatility; and phenolic resins, typically

used in high-temperature or fire-resistant applications.

SANDWICH STRUCTURES
UNIDIRECTIONAL MULTI-DIRECTIONAL SOLID
STIFFENERS STIFFNERS

Beams, bars, profiles,
corrugations, extrusions
etc.

Honeycomb, foam,

Tatticoeta Whole solid layer

Figure 8: Core classification of sandwich structures.

The selection of adhesive affects not only the bonding quality but also the long-
term mechanical and environmental durability of the structure. The bonding can
also be achieved through alternative techniques such as welding, blending or other
techniques, although structural adhesives remain the most common solution. The
mechanical performance of sandwich composites is highly dependent on the
intrinsic properties of their constituent materials and the manufacturing processes
employed, which critically influence interfacial bonding, defect formation and
overall structural response [26]. The versatility of sandwich structures derives
from the wide range of possible combinations of core geometries and face
materials, which allow mechanical performance to be tailored to specific

application requirements.
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2.4 Design methodologies for sandwich structures

Based on the general description provided in the previous section, this part
examines the mechanical response of sandwich structures under different loading
conditions, with particular attention to their flexural and impact behaviour. The
discussion concludes with a classification and analysis of the main failure modes

typically observed in these structures.

2.4.1 Three-point bending response of sandwich beams

Flexural behaviour is of relevance, as it represents a dominant loading scenario
for sandwich components in most structural applications. The theoretical analysis
of sandwich beams is based on Timoshenko beam theory, first adapted to
sandwich structures by Plantema [27] and Allen [28], and later refined by several
researchers, including Zenkert [29]. Figure 9 illustrates a representative sandwich
beam and the characteristic geometric parameters, loading configuration and

boundary conditions, which form the basis for subsequent analytical formulations.

*P
A & _
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Figure 9: Sandwich beam under three-point bending.
The analysis is based on the following assumptions:
o the load configuration is static;
e deformations remain within the elastic range;
o the surface sheets adhere perfectly to the core;

e Dboth the surfaces and the core are composed of isotropic materials;
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o the stiffness of the surface materials is significantly higher than that of the

core;

e the beam is narrow, allowing stresses in the y-direction to be neglected.
Under these assumptions, when the beam is subjected to bending due to a
concentrated load, the curvature (I/R.) is directly proportional to the bending
moment (M) as expressed by Eq. (1):

M 1

2 1
El, R, M

In a conventional beam, the product EI. represents the bending stiftness (D),
where E is the Young’s modulus and /; is the second moment of area about the
bending axis.

As shown in Figure 9, denoting Erand E. as the Young’s moduli of the face sheets
and the core, respectively, the following equation expresses the bending stiffness
of a sandwich beam:

bt} btd* bt?

D=E—+E E.— 2
e T Ty Tl

Where:
e b =beam width
e tr=skin thickness
e t.= core thickness

e (= distance between the centroids of the face sheets

The first two terms correspond to the bending stiffness contributions of the face
sheets, whereas the third term represents the bending stiffness of the core,
evaluated relative to the neutral axis. For conventional sandwich panels, the
second term predominates. Specifically, when the conditions outlined in Egs. (3)

and (4) are satisfied, the contributions of the first and third terms become
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negligible, as their values are less than 1% of that of the second term.

d\?2
3<t_) > 100

f
2
4)

)

The maximum bending moment and transverse force occurring in the beam under

these loading conditions are:
PL
(5)

4

P

— 6

5 (6)
The resulting deformations and stresses in the surface plates (¢/, 7)) and in the core

(e, o) are respectively:

M, M,

Ef D ; O'f D f ()
M M

€=pi %= ph ®

where z is the coordinate measured respectively within the facing and the core.

The maximum stresses in the face sheets and in the core occur at the sections

furthest from the neutral axis.

Mh

I =x57E ®
Mt

0 = 5= Ee (10)

For a sandwich structure with a weak core (E. << Ey), the core’s elastic modulus

can be neglected (i.e., E. = 0), resulting in zero normal stress within the core
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Furthermore, if the face sheets are sufficiently thin (¢, <<¢.), the conditions (3) and
(4) are satisfied and the normal stress distribution in the face sheets can be
approximated as constant.

M

=+
%= *ht,d (i

In a homogenous beam, the shear stress 7 in a section produced by a shear force
T, in that section is expressed as follow:

NG
N (12)

where Si(z) denotes the first moment of area with respect to the neutral axis as a
function of the z-coordinate, and b(z) represents the section width as a function of
the z-coordinate. However, for a sandwich beam, it is necessary to consider the
presence of different components and materials. Therefore, Eq. (12) is modified

accordingly, resulting in Eq. (13).

T,
T = gy ), SO (13)

where D is the bending stiffness of the entire section and X Sy(z); E; is the sum of
the products of the first moment of area and the Young’s modulus of all
components of the sandwich structure.

The shear stress in the core 7, . is equal to:

T ted Ec(tZ
e [EfT +7(Z_ z (14)

Therefore, the maximum shear stress in the core occurs at the neutral axis, where

z = 0, while the minimum shear stress in the core is found at the interface with the
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t . . .
face sheets, where z = ;C This point also corresponds to the maximum shear stress

in the face sheets. The ratio between the maximum and minimum shear stresses is
approximately equal to one. This implies that the shear stress within the core can
be reasonably assumed to be uniform. Given that, in sandwich structures, the ratio
between the distance separating the centroids of the face sheets and the core
thickness is close to unity, the assumptions commonly adopted for simplifying the
stress analysis become nearly equivalent. Thus, when the core is much weaker
than the face sheets, its contribution to the overall bending stiffness can be
considered negligible, and the shear stress within the core can be approximated as
constant. Consequently, by assuming the core’s elastic modulus as zero, the shear

stress in the core can be expressed as:

T, Eptyd

= 15
T =1 (15)

Furthermore, if the bending stiffness of the end plates about their centres of gravity
is negligible, i.e. if condition (3) is satisfied because the thickness of the core is
significantly greater than that of the end plates, the expression for the shear stress

in the core can be further simplified as:

T=— (16)

a7

where G. is the core shear modulus. The normal and shear stress distribution in a
sandwich beam is represented in Figure 10, where different levels of

approximations are compared.
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No approximations E; << Ef E; << Erand t << t,
Figure 10: Normal and shear stress in a sandwich beam under three-point bending [29].

The total deflection ¢ of a sandwich beam arises from the combined effects of

bending (J») and shear deformation (Js), according to Eq. (18).

kPP | ksPL

6§ =0p+ 6, = D G
c

(18)
where, k, and k, are deflection coefficients associated with bending and shear,
respectively, and depend on the boundary and loading conditions. The product

AG.represents the shear stiffness of the sandwich beam. 4 is defined as:

_ bd?
=4

A

(19)

For a simply supported beam subjected to three-point bending, the deflection
coefficients are k, = 1/48 and k; = 1/4. The bending component induces rotation
of the beam sections, maintaining their perpendicular to the neutral axis. In
contrast, the shear component causes an additional vertical displacement of the
sections. The deflection behaviour of a simply supported sandwich beam under

three-point bending is shown in Figure 11.
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Figure 11: Deflection of a simply supported sandwich beam under three-point bending.

In addition to their flexural behaviour under static or quasi-static loading,
sandwich structures are often subjected to dynamic loads such as impacts. These
dynamic events introduce different response characteristics, including localized
damage mechanisms and energy absorption phenomena, which complement the
deformation modes observed during bending. Understanding both static and
dynamic responses is therefore essential to fully characterize the mechanical
performance of sandwich beams. The following discussion focuses on the impact
behaviour, highlighting typical damage modes and relevant experimental

observations.

2.4.2 ITmpact Response of sandwich structures

Impact refers to a dynamic interaction between a mass, which can assume various
geometric configurations, and a target body. According to Cantwell and Morton
[30], a low-velocity impact occurs when the speed does not exceed 10 m/s,
whereas events exceeding this threshold are classified as high-velocity impacts.
This type of dynamic event typically induces nonlinear responses in the target
element. Various analytical models have been developed to describe the behaviour
during impact, differing in terms of complexity and accuracy. A comprehensive
review of modelling methodologies was presented by Abrate [31], which serves
as the primary reference for the present discussion.

The following description focuses on two fundamental models widely adopted in
the literature, recognized for their effectiveness in predicting the response of
sandwich structures:

e The mass-spring model;
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e The energy-balance model.
One of the most common and effective approaches for modelling structural
response to impact is to represent the structure as an equivalent mass-spring
system, as first proposed by [32]. Originally, this model accurately describes the
impact phenomenon in small-scale laboratory tests, where deformations remain
limited. More recent developments extend it to account for large structural
deformations by introducing geometric nonlinearities and membrane-stiffening

effects. The equivalent system is illustrated in Figure 12.

| | my
"y
K.
| 2
X7
Ky
Kn
Ks
SIS S S

Figure 12: Mass-spring model

In its most general configuration, the model is defined as a two-degree-of-freedom
system composed of:

e m, representing the projectile mass;

e my corresponding to the equivalent mass of the sandwich structure;

e The spring K. simulates the non-linear contact stiffness;

e The linear springs K, and K, arranged in series, represent the linear
stiffness of the structure due to bending and shear deformations,
respectively. This series arrangement can be replaced by a single
equivalent spring (K»s) accounting for both effects;

e aspring for the non-linear membrane stiffness (K);
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The motion equations for this two-degree-of-freedom system are expressed by:

myX, + Kpsx, + Kpx3 — P =0 (20)

where P is the contact force. For small geometric deformations, the system can be
simplified to a single-degree-of-freedom model, assuming the structure moves

together with the impact. In this case, the dynamics are reduced to the equation.
myx; + Kpx =0 21)
The general solution for Eq. (21) is:
x = Asinwt + Bcoswt (22)

where:
K
w= = (23)
m

The constants A and B are determined by the initial conditions of the motion,
including the impact velocity. For the simplified single-degree-of-freedom
formulation given in Eq. (21), the motion can be solved by introducing the initial

conditions:

x(t=0)=0
{x(t =0)=v @4

where v is the initial impact velocity. The resulting displacement is:
= Zsin (w) 25
x = > sin (w (25)

Under these assumptions, the contact force equals the force in the linear spring:
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P = Kp.x(t) = vmsin(wt) (26)

From the Eq. (26), it is evident that the maximum contact force is directly
proportional to the impact velocity and to the square root of the impact mass and
the structure stiffness K. The use of spring-mass models in impact analysis
makes it possible to predict the contact force history, provided that the structural
stiffness is known.

An alternative approach for describing impact events is based on the principle of
energy conservation. Here, the initial kinetic energy of the impacting mass is spent
to deform the target structure. If the structural response can be reasonably
approximated as quasi-static, when the maximum deflection of the structure is
achieved, the velocity of the impacting mass becomes zero and the entire kinetic
energy was used to deform the structure. Neglecting damage-related energy

dissipation, the balance can be expressed as:

1
5mv? = Ey + Eqy + By + By @7)

Where:
e m,; = projectile mass;
e v =impact velocity;
e E, =Dbending deformation energy;
e Eg = shear deformation energy;
e E,=membrane deformation energy;
e E. =local indentation energy in the contact zone.
According to mass-spring model, the relation between contact force and deflection

at impact point (wp) is equals to:

P = KbSWb + meg (28)
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The elastic energy due to bending, shear and membrane effects is therefore:

1 1
Ey+Egp+E, = EKle?,max + ZKng,max (29)

To evaluate E.,, a contact law is required to relate the contact force (P) to the
indentation (a), defined as the relative displacement between indenter and target.

A common choice is Meyer’s law:
P=K.a" (30)

where K. is the contact stiffness coefficient and # is a dimensionless exponent.
Although Eq. (30) describes static contact conditions, it provides accurate

predictions in many low-velocity impact scenarios. The corresponding contact

energy is:
1
Amax P1+H
max
E.,, = J Pda = — 1 31
0 (n+1) K"

If membrane effects are neglected (K., =0), combining Egs. (28), (29) and (31),

the initial kinetic energy in Eq. (27) can be expressed as:

1

1 p2 pi'm
—mv? = I’("“" +—mex (32)
»  (n+1)K"

Eq. (32) allows the determination of the maximum contact force from known
structural and contact parameters, linking measurable quantities, such as mass and
velocity, to the structural response.

The impact behaviour of sandwich structures involves various damage
mechanisms, such as core crushing, face-core debonding, and delamination,
which directly affect structural integrity and performance. Understanding these

mechanisms is crucial for predicting structural response and optimizing design.
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2.4.3 Failure modes of sandwich structures

The failure modes of a beam or sandwich panel depend on various factors,
including loading conditions, material properties, core geometry, and the quality
of the interface bond. Figure 13 schematically illustrates the main failure modes
under bending or compressive loads.

ity Uiy

Face yielding Face wrinkling Intra-cell dimpling

Tty (i

Core shear Local indentation
Figure 13: Failure modes in sandwich beams.

To effectively design sandwich structures, it is essential to understand these
failure modes to accurately estimate load-bearing capacity and select appropriate
materials. Several scientific studies have been published in the literature analysing
the collapse modes of sandwich structures [33], [34], [35]. The primary failure
modes affecting the skins and core of sandwich panels include:

e Face yielding: occurs when the axial stress on one face reaches the in-
plane yield strength of the material. Under bending, the upper surface
typically experiences compression, while the lower surface undergoes
tension. Depending on the material, one stress state may be more critical;
for example, metals are generally more susceptible to tensile failure,
whereas composites are more sensitive to compressive stresses. The yield

condition can be expressed as:
Ox = Ofy (33)

where oy is the axial stress on the surface and oy is the yield strength of

the surface material.
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Face wrinkling: can be interpreted as the axial buckling of the face sheet,
supported by the core [36]. When the compressive face sheet of a
sandwich panel with a cellular core is subjected to in-plane compressive
loads, it may experience local buckling with a wavelength greater than the
core cell size. This deformation, known as face wrinkling, can be directed
both in towards the core or outwards, depending on the core’s
compressive stiffness and the strength of the adhesive bond between face
and core. In bending, wrinkling typically appears on the compressed
(upper) face near the load application point. Allen modelled the facing as
an infinitely long strut on an elastic foundation extending to infinity on
one side [37]. The critical compressive stress that initiates wrinkling is

given by:

3

W=

eyl
W wliN

O'fw = 1
[12(3 = Vexz)2(1 + veyr )23

N

(34

where Eris the in-plane Young’s modulus of the face sheet, E; is the out-
of-plane Young’s modulus of the core and v.. is the out-of-plane
Poisson’s ratio of the core

Eq. (34) shows that wrinkling can be mitigated by increasing the stiffness
of both the face sheet and core, especially in the out-of-plane direction.
Intra-cell dimpling: In sandwich panels with cellular cores (e.g.,
honeycomb), local buckling of the compressed face sheet may occur
between adjacent core walls where the skin is unsupported. This
phenomenon, known as intra-cell dimpling, is critical when the cell size
is relatively large or the face sheet is thin. Under in-plane compressive
loads, the critical stress o5 at which dimpling initiates can be estimated

using the following expression:
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Where v, is the Poisson’s ratio of the face sheet in the axial direction, ¢
is the face sheet thickness and s is the core cell size. Reducing cell size or
increasing face thickness raises the dimpling critical stress. The ratio t/s
is therefore a key design parameter for suppressing this failure mode.
Core shear: One of the most common failure modes in sandwich
structures is associated with shear deformation within the core. When
perfect contact is assumed between the skin and the core, the part of the
structure with the lowest shear strength will fail first [38]. As previously
discussed in Section 2.4.1, in a sandwich beam under three-point bending,
and assuming that the face sheets are considerably stiffer and thinner than
the core, the shear stress across the core thickness can be considered
approximately uniform. In such conditions, the average shear stress Tcx, in
the core is given by equation (16). Core shear failure takes place when the
applied stress reaches the shear strength of the core material Ts:
Texz = Tes (36)

Local indentation: occurs when a concentrated load, applied over a
contact area much smaller than the core thickness, causes localized
crushing of the core material directly beneath the point of application. An
empirical approach used to predict the failure for local indentation,
assumes that, when the indenter is a cylinder, such as during a three-point
bending test, the compressive stress in the core 6 is the ratio between the
applied load P and the contact length 1. Failure is predicted when this
compressive stress equals the out-of-plane compressive strength of the

COre Occ:

0z = O¢c (37)
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2.5 Applications of sandwich structures

The demand for lightweight, high-performance materials has increased
significantly in a wide range of engineering sectors. Among these, sandwich
structures have emerged as a key solution to meet the growing requirements for
structural efficiency, fuel economy and sustainability [39]. Their characteristics
and design flexibility favoured widespread adoption across aerospace,
shipbuilding, automotive, railway, civil engineering, and renewable energy
sectors. In each of these sectors, sandwich structures are customised to meet
specific functional and environmental requirements. Scientific research
contributes to the development of new materials and configurations, and provides
experimental data, theoretical models, and design criteria that enable safer, more
efficient, and more quantitatively based design. This knowledge is essential for
addressing the specific needs of different application sectors, in terms of
mechanical loads, operating conditions, regulatory constraints, and performance
objectives such as impact resistance, energy absorption, or weight minimization
[40], [41].

The concept of sandwich construction dates to the mid-19th century, but its
practical engineering application began during World War 11, particularly with the
British De Havilland DH.98 Mosquito bomber (Figure 14), which featured a

plywood sandwich structure.

Figure 14: De Havilland DH.98 Mosquito.
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Subsequent decades saw fundamental theoretical contributions by researchers
such as Marguerre, Hoff, Libove, Batdorf, and Allen, laying the foundations for
structural modelling of sandwich configurations. Meanwhile, institutions such as
the U.S. Forest Products Laboratory and pioneering companies like Hexcel
Corporation supported industrial development, initially in wood and later in
composite materials [42].

Sandwich structures adoption reflects ongoing efforts to optimise performance,
address sector-specific challenges, and explore innovative configurations. In the
transportation sector a key design challenge is reducing structural weight while
maintaining high mechanical performance.

The use of lightweight materials across numerous automotive components,
including dashboards, bumpers, engines, body panels, wheels, suspensions,
brakes, steering systems, batteries, seats, and gearboxes (Figure 15) enables
enhanced energy efficiency, increased payload capacity, improved operational

performance, and, in certain cases, greater safety and stability [43], [44].

Steering

Brake

Figure 15: Representative lightweight materials used in automotive components [45].
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In the shipbuilding industry, sandwich panels serve structural roles (decks, hulls,
bulkheads, and superstructures) while meeting stringent functional and
environmental requirements, including impact and fatigue resistance, corrosion
prevention, and fire safety compliance [17]. They are also widely employed in
interior outfitting, such as floors, partitions, and furniture, for their acoustic and
vibration damping capabilities combined with ease of installation. Beyond their
structural contribution, sandwich panels can improve vessel performance and
operational efficiency by increasing available volume, simplifying the structural
architecture, and reducing material costs and construction time (Figure 16).
Nevertheless, broader adoption is still limited by challenges related to design
complexity, joining systems, and the standardization of testing and certification
procedures. European initiatives such as the SANDWICH and SAND.CORe
projects, as well as the MARSTRUCT network, have contributed to advancing
knowledge and reliable design methodologies for marine sandwich structures

[44].
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Figure 16: Comparison of traditional design and sandwich design for a ship [44].

From: Lightweight sandwich structures for marine applications: a review, G. Palomba et al.,
Mechanics of Advanced Materials and Structures, © copyright 2022, reprinted by permission of
Informa UK Limited, trading as Taylor & Francis Group, https://www.tandfonline.com
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Sandwich structures are widely employed in the aerospace sector, serving
structural functions in fuselage skins, floors, and control surfaces. Their use in
commercial aircraft has increased significantly over time: for instance, they
covered only about 8% of the wet surface area of the Boeing 707, while in the
Boeing 757 and 767 this proportion rose to approximately 46%, mainly due to the
adoption of Nomex honeycomb cores [46]. A key milestone was the “Beech
Starship”, the first aircraft built almost entirely with sandwich panels combining
Nomex cores with graphite and Kevlar skins. Honeycomb sandwich structures are
furthermore employed in spacecraft, including satellites (Figure 17) and shuttles,
due to their excellent stiffness-to-weight ratio. In addition, panels for acrospace
applications must resist the mechanical and thermal loads encountered during

flight, including dynamic pressures, thermal cycling, and vibration [47].
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Figure 17: Example of a satellite sandwich structure (Image from www.beyondgravity.com).

In the railway industry, sandwich structures are extensively used to optimize

40



vehicle interiors while enhancing safety and operational efficiency. These
applications include panels for floors, walls, ceilings, seats, tables, and storage
units, which are designed to reduce overall vehicle weight without compromising
structural strength, while meeting key functional requirements such as energy
absorption, crashworthiness, acoustic insulation, and modular integration [48].
Moreover, sandwich structures are employed in critical components such as
compartment walls and doors, as well as in access systems like ramps and sliding
steps, owing to their resistance to corrosion and mechanical stresses.

As discussed in Section 2.3, the mechanical and functional performance of
sandwich panels is strongly influenced by the choice of core and skin materials,
production methods, and bonding techniques. Advances in composite materials,
hybrid configurations, and bonding technologies have significantly expanded

design possibilities and performance capabilities.

2.5.1 Composite sandwich structures

Composite sandwich panels, particularly those composed of fibre-reinforced
polymer (FRP) skins and lightweight cores, have been widely adopted since the
mid-20th century, initially in aerospace applications for weight reduction. Their
success in this sector later led to widespread use in marine, automotive, and
railway industries, where performance, durability, and reliability are essential.
The appeal of these panels lies in their distinctive combination of features,
including high specific stiffness and strength, long service life, low maintenance
requirements, ease of forming complex geometries, and excellent impact-
absorbing capabilities [49], [50], [51]. Together with their design flexibility, these
properties make sandwich panels highly suitable for lightweight, durable

engineering applications.

In transportation and industrial sectors, panels can be tailored with composite

laminated skins and different types of cores to meet specific operational
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requirements. For instance, in marine applications, panels must withstand both
large collision events and localized low-speed impacts to ensure high standards of
safety and reliability. Such impacts may occur during normal service due to
collisions with floating or submerged objects, accidental tool drops, or contact
with docks and other vessels. Their frequency is amplified in marine and offshore
environments because of unpredictable sea states and dense traffic. The
susceptibility to impact damage is a significant issue, particularly for sandwich
laminates [18]. Damage in the form of delamination or internal defects may
compromise structural integrity, limiting the reliability of composite materials in
critical applications. Despite advances in design and manufacturing, the risk of
such damage remains, and research continues to explore ways to enhance strength
and durability under various loading conditions. Experimental analyses, such as
Low-Velocity Impact (L VI) testing, provide direct insight into these events, which
are often difficult to capture theoretically or numerically due to the complex
nonlinear behaviour of multi-material sandwich structures. However, LVI
experiments typically require specialised, expensive equipment, and standard
machines are often limited to small-scale specimens; while results can be scaled
to predict first failure on larger structures, post-failure responses are less easily
generalized [52].

Glass fibre reinforced polymer (GFRP) skins combined with lightweight cores,
such as polyurethane foam (PU), polyvinyl chloride (PVC), or balsa wood, remain
widely used due to their excellent strength-to-weight and stiffness-to-weight
ratios. Studies have analysed the behaviour of GFRP panels with these traditional
cores [53], [54], [55], [56], [57], [58], showing that core type and panel geometry
strongly influence out-of-plane performance. GFRP/PVC panels provide high
corrosion resistance and durability under environmental exposure, making them
suitable for marine applications, whereas GFRP/balsa panels offer a favourable

balance of mechanical performance and low weight but are more sensitive to
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moisture and localized impact damage [59], [60]. The mechanical properties of
the core, including shear and compressive strength as well as shear modulus,
directly affect bending behaviour and overall panel performance [35], [61], [62].
Studies have shown that glass fibre face sheets generally exhibit better resistance
to damage than carbon fibre under such extreme conditions, while polymer foam
cores outperform balsa wood in terms of energy absorption and impact mitigation
[63]. Beyond their mechanical performance, these structures provide
multifunctional benefits, including thermal insulation, vibration damping, and the
potential integration of additional functionalities such as energy storage.
Extensive research has been carried out to relate quasi-static perforation tests to
LVI tests, aiming to develop predictive parameters that estimate the dynamic
behaviour of materials from simpler and more economical experiments. Among
these, the Dynamic Scaling Factor (DSF) provides a quantitative means to
translate responses observed under quasi-static loading to those expected under
dynamic impact scenarios [64], [65], [66].

The use of quasi-static testing as a cost-effective approach is highly attractive,
potentially reducing experimental costs and facilitating scaling of results from the
laboratory to full-scale [52], [67]. Studies by Dr Sutherland and co-authors on
pultruded GFRP multicellular hollow deck panels, with or without polyurethane
foam filling and epoxy-polyurethane coatings, demonstrated that correlations
between quasi-static and impact tests can be established [68].

However, the knowledge gained in these studies has made it clear that for each
different material system, the correlation between quasi-static and low-velocity
impact results should be investigated and understood, as it may vary significantly
depending on the specific composite or other material combination, panel
architecture, core configuration, and impact geometry. By establishing reliable
correlations, such as those provided by the DSF, engineers can anticipate potential

damage, optimise material selection, and guide the design of sandwich structures
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without extensive dynamic testing.

Despite the well-known and numerous advantages of composite sandwich
structures, there are critical aspects that limit their use in specific application areas.
These include susceptibility to impact and delamination, reduced fire resistance,
polymeric moisture absorption and difficulties in repair, recycling and end-of-life
management. The susceptibility of laminated composite materials to out-of-plane
impacts has been widely reported in the literature, highlighting the risk of internal
damage such as delamination, matrix cracking, and core shear failure under low-
velocity impact scenarios [30], [69], [70], [71], [72]. These limitations are
particularly relevant in sectors requiring high durability, thermal resistance and
environmental sustainability. To answer these demands, research is moving
towards the development of metal and hybrid sandwich structures that can
overcome these limitations without sacrificing the advantages of the sandwich

concept.

2.5.2 Full-metal sandwich structures

Full-metal configurations, particularly those in aluminium alloys, offer high
structural strength, fire resistance, recyclability, and a superior strength-to-weight
ratio. With a density of only 2.69 g/cm*® (approximately one-third that of
conventional steel), aluminium provides excellent weight efficiency, directly
translating into reduced fuel consumption, improved acceleration, and enhanced
crashworthiness in transport applications. From an environmental standpoint,
replacing conventional steel or cast iron with aluminium in the transport sector
can lead to substantial life-cycle reductions in greenhouse gas emissions, with
reported savings on the order of several tens of tons of CO: per ton of aluminium
employed [45]. Aluminium is widely considered a sustainable and adaptable
material due to its high recyclability and almost infinite reusability [4]. Recycling

aluminium significantly reduces greenhouse gas emissions and energy
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consumption compared to primary production, thus minimising environmental
impact. Although aluminium alloys are generally more expensive than steel and
scrap recycling may introduce impurities, continuous advances in alloy design,
manufacturing technologies, and recycling processes are progressively mitigating
these issues. Emerging solutions such as scrap dilution with primary aluminium,
improved refining methods, and selective reuse strategies are enhancing the cost-
effectiveness and reliability of recycled aluminium, further consolidating its role
as a key material for lightweight and sustainable sandwich structures [73].
Within this context, aluminium sandwich panels have been identified as
particularly promising for transport applications, combining lightweight
properties with environmental sustainability. In literature, aluminium sandwich
structures have been studied with a variety of core types, including honeycomb,
foam, and corrugated metal, each offering distinct trade-offs between weight,
stiffness, energy absorption, and manufacturability. The wide variety of
aluminium alloys, ranging from 2000 to 6000 series, further broadens the design
possibilities, enabling tailored combinations of corrosion resistance, strength, and
formability. For instance, 2000 series alloys are often used in high-strength
automotive components such as pistons and suspension parts, while 6000 series
alloys combine good formability with excellent corrosion resistance, suitable for
structural and crash-relevant elements [45].

Building on these material advantages, numerous experimental and numerical
studies have investigated the static and dynamic behaviour of aluminium
sandwich structures, with particular focus on energy absorption, failure
mechanisms, and fatigue performance. Among the most representative
contributions, Crupi et al. [74] investigated the static and impact response of
aluminium sandwiches with both foam and honeycomb cores, demonstrating that
these structures are lightweight and capable of significant energy absorption. The

research highlighted the influence of parameters such as indenter geometry, cell
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size, and skin-core adhesion on the distinct collapse mechanisms of honeycomb
(progressive cell wall buckling) versus foam cores (foam crushing).
Furthermore, Palomba et al. [75] analysed the fatigue behaviour under bending
conditions, focusing on failure mechanisms and the effect of support span on
fatigue life, showing that shorter spans lead to core shear-dominated failure, while
longer spans result in skin failure. Their study also demonstrated that the bending
response is independent of strain rate, and they developed an analytical model
capable of predicting collapse mechanisms and fatigue limit loads.

Zhang et al. [76] considered the mechanical behaviour and energy absorption
characteristics of aluminium foam sandwich panels under repeated impact,
comparing experimental results with numerical FE simulations. Tillman et al. [77]
focused on quasi-static mechanical performance, examining the role of parameters
such as core density, defects, and load direction. Palomba et al. [4] developed a
novel and practical methodology for the preliminary design and optimisation of
aluminium honeycomb panels. By employing materials charts and failure maps,
they provided an effective tool to guide the selection of design variables while
simultaneously emphasising the dual advantage of mechanical performance and

life-cycle sustainability.

2.5.3 Hybrid sandwich structures

Parallel to full-metal sandwich structures, hybrid solutions have attracted
increasing attention, as they allow combining the strengths of composite and metal
materials, thus adapting performance to specific application requirements. As
widely reported in the literature [78], [79], [80], [81], [82], [83], the core of
sandwich structures can be designed in at least three ways: foam, lattice, and
honeycomb. In these hybrid sandwiches, both the core and the skins can be made
of different materials, provided proper interfacial bonding is ensured [49], [84].

The performance and failure mechanisms of hybrid sandwiches strongly depend
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on the quality of the interface, mainly controlled by the type and viscosity of the
adhesive. For example, Avila de Oliveira et al. [85] explored the use of two epoxy
adhesives with different viscosities on flax fibre-bamboo core panels,
demonstrating that higher-viscosity adhesives increase indentation modulus,
whereas lower-viscosity adhesives ensure better penetration into the interface
pores and consequently higher shear strength. Similarly, Merum et al. [86]
investigated aluminium honeycomb sandwiches using five different polyurethane
adhesives, highlighting the close correlation between interfacial bonding strength
and failure mechanisms under low-velocity impact.

Hybrid sandwiches with CFRP, Kevlar, or flax fibre reinforced polymer (FFRP)
skins combined with aluminium honeycomb or corrugated cores exhibit complex
mechanical behaviour, influenced by material properties, skin and core thickness,
core architecture, adhesive type, and impactor geometry [87], [88]. In this
scenario, a growing interest is increasingly directed towards sandwich structures
involving metal cores and composite skins (or vice versa), which can
simultaneously ensure lightness and advanced performance [41], [89], [90], [91],
[92]. Among the already tested technological solutions, noteworthy are aluminium
sandwich structures reinforced with carbon fibre skins [93], [94], Kevlar fibre

skins [95], and so on.

These materials are susceptible to impact damage showing complex failure
modes. Even small or barely visible damages can reduce mechanical properties,
potentially leading to structural failure during service [96]. Impact resistance
depends on the impact conditions and the response in terms of deflection, force,
and energy absorption [18]. For this reason, before applying them in the
transportation industry, it is necessary to provide detailed information about LVI
damage characterization and post-impact failure modes.

The response of hybrid sandwiches to impact loading is of critical importance, as

accidental events such as tool drops, hail, or bird strikes can induce interlaminar
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delamination, local fracture of the face sheets, or crushing of the metallic core,
ultimately reducing the structure’s load-carrying capacity [91].

For this reason, many studies focus on impact damage characterization and failure
mechanisms of composite sandwich structures [70], [97], [98], [99], [100]. Using
drop-weight impact experiments and microscopic X-ray computed tomography,
Sun et al. [101] investigated the impact deformation and damage characteristics
of sandwich panels in relation to their structural parameters. The images obtained
from the impact tests revealed a positive correlation between impact energy and
the extent of damage. The perforation resistance and energy absorption capacity
of the specimens increased significantly with the thickness of the CFRP face
sheets. Liu et al. [102], [103] studied the low-velocity impact and blast load
deformations, as well as the energy absorption capacity, of sandwich panels with
various types of tube-filled honeycomb cores. Additionally, some researchers
have examined the effect of temperature on the impact response to broaden the
potential applications of sandwich structures [104], [105]. Bending tests studies
are less common compared to tensile and compression tests. Li et al. [106]
highlighted the necessity to improve the bending strength of conventional
honeycomb and studied the mechanical behaviour of sandwich beams with
tailored hierarchical honeycomb cores, allowing improved bending performance.
Moreover, many structural components, for example in the ship hull in naval
industry or in the automotive field [107], are subjected to bending loads. It is
therefore important to evaluate also the response of hybrid sandwiches in terms of
the load, energy absorption and the failure mechanism [108], [109], [110]. Wang
et al. [111] analysed the bending performance and the failure modes of
conventional honeycombs hybridised with ceramic face-sheets, highlighting
positive effects on strength and stiffness. Bending behaviour of sustainable
sandwich structures is attracting high attention among researchers. Indeed, novel

recyclable wood sandwiches are currently being studied [112], [113], showing
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promising mechanical performance.

In conclusion, sandwich structures are versatile and high-performing solutions,
offering an optimal balance of lightweight design, mechanical strength, and
energy absorption. Their adaptability, ranging from composite panels or natural
fibre skins to metal and hybrid configurations, allows tailoring to diverse
applications across aerospace, marine, automotive, and railway sectors.
Performance depends on material selection, core architecture, interface quality,
and loading conditions, with experimental and numerical studies providing critical
insights into impact behaviour, failure mechanisms, and design optimization.
Despite persistent challenges, including delamination, moisture sensitivity, and
limited repairability, ongoing advances in hybrid and metallic sandwich structures
are progressively overcoming these limitations, enhancing applicability and

enabling safer, more efficient, and sustainable engineering designs.

49



2.6 Additive manufacturing

Additive manufacturing (AM), as defined by International Standard EN
ISO/ASTM 52900, refers to technologies capable of joining materials to create
objects directly from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative processes [114]. This approach
facilitates the manufacturing of complex geometries, including internal lattice
structures and topologically optimized components, while simultaneously
minimizing material waste and enhancing resource efficiency. As a result, AM
emerges as a pivotal technology within the framework of Industry 4.0 [115], and
more recently Industry 5.0, which emphasizes sustainability, resilience, and
human-centric innovation.

Despite these numerous advantages, the technology still faces significant
challenges that hinder its widespread industrial adoption. These include
anisotropic mechanical properties, process-induced defects, limited build
volumes, the need for support structures, relatively high costs in some
applications, and the absence of fully validated design and certification
methodologies tailored for AM parts.

The development of AM can be divided into five major periods:

e The first phase (late 1970s-early 1980s) was characterized by isolated
examples of early prototypes or “proto-AM” technologies.

e The second phase (mid-1980s-around 1990) saw the invention and
commercialization of three fundamental 3D printing methods, together
with the foundation of pioneering companies.

e The third phase (1990-2005) marked a stage of technological maturation,
with the introduction of new processes and improvements in
computational design and 3D imaging.

o The fourth phase (2005-2012) followed the expiration of key patents,

which broadened access to 3D printing. The rise of social media and the
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“maker movement” further opened the technology to hobbyists and small
users.

e Finally, the fifth phase (2012-present) is defined by rapid growth,
diversification of methods and materials, and increasing support from
governments and research institutions, including innovations such as
bioprinting.

AM processes can be classified according to the methodology employed to
construct layers. The ASTM taxonomy identifies seven primary categories [116],

which are reported in Figure 18 and Table 2.
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Figure 18: Classification of additive manufacturing (Figure adapted from the EN ISO/ASTM
52900 (2015) standard).
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Table 2: ASTM taxonomy for Additive Manufacturing processes

Category Definition (ASTM-based)

Binder jetting (BJ) A liquid bonding agent is selectively

deposited to join powder materials

Directed energy deposition (DED) Focused thermal energy is used to melt

material during deposition

Material extrusion (ME) Continuous extrusion of a material through a

nozzle or orifice

Material jetting (MJ) Selective deposition of droplets of build
material, which solidify to form the object

Powder bed fusion (PBF) Thermal energy selectively fuses regions of a
powder bed

Sheet lamination (SL) Sheets of material are bonded together to form
an object

Vat photopolymerization (VP) A liquid photopolymer in a vat is selectively

cured by light-activated polymerization

Each category encompasses different processes sharing the same deposition
principle but differing in process parameters, materials, and achievable properties.
AM employs a wide selection of materials tailored to specific applications.
Common polymers include thermoplastics such as PLA, ABS, and nylon, as well
as photopolymers used in vat photopolymerization. Metals range from stainless
steels and titanium alloys to nickel-based superalloys, aluminium, and cobalt-
chromium alloys [117], [118], [119], [120]. Ceramics are mainly applied in high-
performance and biomedical contexts. Composite materials, combining polymer
matrices with fibre or particle reinforcements, are also utilized to enhance
performance. This broad material variety enables the technology to meet diverse
industrial demands but requires careful control of processing conditions and post-

processing.
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A typical AM workflow begins with the design of the component using 3D CAD
modelling, followed by conversion to a suitable format (e.g. high-resolution
“Standard Triangulation Language” (STL)) and slicing to generate machine code
(e.g. G-code). The process continues with machine setup, manufacturing, and
post-processing operations such as heat treatments, machining, or coatings, which
are essential to achieve the desired final properties [121]. This approach
transforms the traditional paradigm of “design for manufacturing” to
“manufacturing for design” [122], offering greater design freedom and enabling
highly optimised geometries. Furthermore, by reducing conventional design
constraints, AM fosters innovation in the design phase and revolutionizes supply
chains through on-demand, localized production that reduces inventory costs and

lead times [123], [124].
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2.7 Applications of additive manufacturing

Despite the challenges outlined, additive manufacturing has demonstrated its
versatility and strategic value in several high-impact sectors, including aerospace,
biomedical, and automotive. Its characteristics, particularly in the design of
complex structures such as lightweight components with optimized cores, open
new frontiers in creating high-performance parts. The requirement for specific
mechanical properties, coupled with production flexibility, has driven the
adoption of additive manufacturing in a variety of industrial applications.

In biomedical industries, AM enables the fabrication of patient-specific implants,
surgical tools [125], and customized patient-specific solutions, while also
reducing surgical times. Furthermore, 3D printed models derived from magnetic
resonance imaging (MRI) and computed tomography (CT) scans allow surgeons
to practice complex procedures, enhancing precision and reducing risks [126].

In the aerospace sector, additive manufacturing plays an important role in
reducing structural weight while maintaining or even enhancing mechanical
performance. This is achieved through topology optimization and the production
of intricate internal geometries, such as conformal cooling channels and
lightweight lattice structures, which are extremely difficult or impossible to
produce with traditional methods [127], [128]. These design capabilities translate
directly into improved thermal management, reduced fuel consumption, and
extended service life of critical components [129]. AM also facilitates the use of
high-performance materials like nickel-based superalloys, titanium alloys, and
custom-developed alloys optimized specifically for AM processes. These
materials are essential for manufacturing engine parts, heat exchangers, and load-
bearing structures that operate under extreme thermal and mechanical conditions.
Moreover, AM enables reducing the number of components, and thus potential
failure points, improving reliability, and simplifying the supply chain. Despite

these advantages, challenges remain such as process certification, material
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limitations, post-processing requirements, and fatigue performance under
complex loading conditions.

Similarly, in the automotive sector, AM is emerging as a key technology for
producing end-use components, specialized tooling, and customized parts. Weight
reduction is particularly critical for electric vehicles, as lowering mass directly
impacts battery range and overall efficiency. Moreover, additive manufacturing
allows the integration of complex geometries and advanced functionalities in a
single component, enabling intricate housings for sensors, antennas, and
electronic devices, and meeting the growing demand for smart and connected
vehicles.

In the architecture and construction sector, additive manufacturing allows for
reduced manufacturing times and costs, while increasing design flexibility.
Robotic systems and 3D concrete printers enable the production of complex
building components, such as structural elements, walls, and bridges [130], [131].
However, due to limited experimental data and validated models, further research
is required to ensure the safety and reliability of AM structures [132].

Among the various industries, packaging has recently benefited from AM's ability
to create foamed or cellular structures directly during the printing process, offering
lightweight, protective solutions that can be tailored to the product’s geometry and
mechanical requirements, enhancing impact resistance and reducing material
usage. The development of Foam Additive Manufacturing (FAM) technique,
introduced by Tammaro et al. [133], [134], has further expanded these
possibilities. FAM combines the design freedom of additive manufacturing with
the intrinsic advantages of foam materials, such as low density and energy
absorption, and allows precise local control of foam morphology during printing.
The process typically involves pre-treating the filament with a physical blowing
agent (PBA) [135], which expands during extrusion to create bubbles within the

polymer while preserving its chemical properties. This extrusion process is
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illustrated in Figure 19, showing how the filament is transformed into foamed
structures during printing. Unlike chemical blowing agents, PBA preserves
recyclability and lifecycle advantages of the polymer, making it particularly
suitable for sustainable manufacturing [121], [136]. Nofar et al. [137] investigated
how key FAM parameters affect foam properties.
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Figure 19: Extrusion process outline: sketch (top) and real picture (bottom)[134].

In addition to filament-based FAM, lithographic 3D printing also enables the
production of foamed parts using a resin with a chemical blowing agent (CBA)
that degrades with heat, producing a uniform foam morphology [138], [139].

Recent studies underline FAM’s potential to create mono-material components
with finely tuned mechanical properties by controlling local density and cellular
architecture. This capability enables the fabrication of lightweight structures with
tailored stiffness, strength, and energy absorption, making FAM particularly
attractive for sustainable packaging and applications where core optimization is
essential, such as sandwich panels or composite structures. Polylactic acid (PLA),
a bio-based and biodegradable thermoplastic, is a promising candidate for eco-

friendly sandwich structures [113] thanks to its favourable mechanical properties
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and widespread applicability in 3D printing [140]. Niu et al. [141] investigated
the influence of different reinforcement types and process parameters on the
mechanical properties of PLA, with an emphasis on tensile toughness, identifying
specific reinforcement mechanisms for each type of interlayer.

PLA stands out as a benchmark material in the field of sustainable polymers due
to its renewable origin and inherent biodegradable properties. Derived from
biobased sources such as corn, sugarcane, or beet, PLA significantly reduces
reliance on fossil resources, contributing to lower greenhouse gas emissions
during its production process [142], [143]. Unlike traditional petroleum-based
plastics, the end-of-life phase of PLA showcases its sustainability. Under
industrial composting conditions, PLA can decompose into water, carbon dioxide,
and biomass, leaving no persistent or toxic residues in the environment [144].
Furthermore, advancements in its mechanical and thermal properties, combined
with its competitive cost, make PLA a viable alternative for diverse applications
while supporting the principles of a circular economy.

Moreover, PLA foams produced via CO: foaming have been extensively studied
for packaging applications thanks to their biodegradability [145], [146] , aligning
with the growing demand for ecological packaging based on biodegradable
materials [147]. These foams are fully biodegradable, which has attracted
attention in the field of intelligent packaging. Potential applications include nano-
foods [148], bio membranes for wastewater treatment, pharmaceuticals, and
composting [149]. The monomer LA is recognized as a safe food preservative,
and migration from PLA packaging containers to food is considered negligible.
Additionally, PLA is resistant to oils, fats, and chemical agents, making it suitable
for food packaging [150].

The development of sandwich structures with polymeric cores has been mostly
limited to polypropylene (PP) or polyethylene terephthalate (PET) foams.

Although there are promising applications, the use of additive manufacturing
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techniques to create sandwich structures with homogeneous polymeric cores has
been relatively underexplored. Griinewald et al. [151] discussed the challenges
and opportunities of using PP and PET foams in manufacturing such structures,
suggesting the need for innovation in using PLA for similar purposes. Fully
polymer-based sandwich structures, in which skins and core are made from the
same material, remain uncommon. Some studies have investigated all-
polypropylene composites [152], while Brischetto and Torre [153] evaluated the
mechanical performance of fully PLA honeycomb sandwiches, showing
promising results. G. Palomba et al. [154] performed LVI tests on bamboo
samples to assess the relationship between structure and mechanical response,
which facilitated the design of multilayer corrugated sandwich structures made of
PLA for subsequent compression testing. Similarly, Svatik et al. [155] leveraged
PLA in Fused Deposition Modelling (FDM) 3D printing to create complex,
porous gradient structures inspired by bamboo. These structures exhibited higher
maximum strain values compared to solid structures and demonstrated a transition
from brittle to quasi-ductile behaviour, avoiding sudden catastrophic failure.

The growing interest in PLA is also motivated by its combination of high
workability and environmental sustainability, as the material is biodegradable and
processable with conventional techniques such as extrusion, compression
moulding, and injection moulding [113], [137], [156], [157]. Traditional
processing often requires pre-treatments or finishing steps, which increase time,
cost, and waste. Additive manufacturing can mitigate these issues by reducing
additional steps and allowing more balanced use of the material [158]. FAM
further enhances these possibilities, allowing precise local customization of foam
morphology, facilitating optimized mechanical performance across different
zones of a single part [137]. Moreover, FAM supports integrated manufacturing
approaches, reducing the need for assembly or additional processing steps,

simplifying production workflows, and minimizing environmental impact. Its
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benefits recall principles observed in natural cellular materials, such as
honeycombs and echinoids, which achieve high performance with minimal
material use through optimized porosity and internal structuring [159], [160],
[161]. FAM similarly enables complex internal geometries skin to lattice
structures, leveraging the advantages of foam while overcoming the limits of

conventional foaming or standard lattice-based AM techniques [162], [163],

[164].
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3. Quasi-static and impact behaviour of

sandwich structures

In the previous chapter, an overview of composite materials and sandwich
structures was provided, with particular attention to their classification, main
applications, and the growing interest in hybrid and full-metal solutions. Building
on this background, the present section introduces the experimental activity
carried out to investigate the mechanical performance of aluminium honeycomb
sandwich structures in comparison with more conventional composite sandwich
configurations.

Sandwich panels constitute a key class of lightweight structural materials,
extensively used in transportation and marine applications, where the demand for
reduced weight, improved fuel efficiency, and environmental sustainability is
steadily increasing. Despite their widespread adoption, conventional composite
sandwiches such as GFRP skins with polymeric or natural cores remain vulnerable
to localised loading conditions, including quasi-static concentrated loads and low-
velocity impacts. These conditions can significantly affect the structural integrity
and energy absorption capability of the panels, highlighting the need for
alternative solutions (Section 2.5.1).

Aluminium honeycomb sandwich panels are promising candidates in this context.
Aluminium alloys offer low density, high versatility, complete recyclability and
favourable mechanical properties, making them particularly attractive in terms of
both performance and sustainability (section 2.5.2). By considering AHS panels
with equivalent flexural stiffness to traditional composite sandwiches, it is
possible to assess their effectiveness as replacements in applications where

crashworthiness and impact resistance are of primary concern.
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The experimental programme presented in this chapter addresses this challenge
through quasi-static (QS) perforation and LVI tests. These tests allow a systematic
evaluation of the crashworthiness of AHS and composite sandwiches under
localised loading.

The chapter is organised into two main sections. The first introduces the materials
under investigation and the experimental procedures adopted for quasi-static
perforation and low-velocity impact tests. The second presents a comparative
study of the energy absorption capacity of AHS panels and conventional sandwich
structures, highlighting the potential of aluminium-based solutions as lightweight
crashworthy alternatives.

Two material categories were investigated:

e Aluminium honeycomb sandwich panels, representing the full metal
alternative;

e (lass fibre reinforced polymer faced sandwich laminates with either PVC
foam or end-grain balsa wood cores, representing conventional composite
solutions.

For each category, two sub-types of panels were selected: a lighter and thinner
configuration, representative of typical hull or superstructure laminates, and a
heavier and thicker configuration, representative of structural components
requiring higher stiffness and load-bearing capacity.

To enable meaningful comparisons between the two categories of sandwich
structures, it was necessary to establish a clear equivalence criterion. Several
parameters could in principle be adopted for this purpose, such as overall weight,
total thickness, or ultimate strength. However, in marine composite structures,
bending stiffness typically governs the design process, making it the most relevant
equivalence parameter for the present study. Moreover, bending stiffness can be
reliably calculated using well-established analytical formulations, allowing for the

straightforward design of equivalent composite and metallic structures. The
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bending stiffness D was evaluated according to the Eq. (2) reported in Section

24.1.

3.1 Materials and methods

This section describes the materials selected for the experimental campaign and
their relevant mechanical and geometrical properties. The four representative
sandwich configurations were chosen to have comparable bending stiffness. The
selected configurations include two conventional GFRP-based laminates and two
aluminium honeycomb panels, enabling a systematic comparison between
metallic and composite solutions.

Two aluminium honeycomb sandwich panels were used in this study: AHS h11
and AHS h32. AHS h11 consists of AA5754 skins with a thickness of 1 mm and
an AA5052 core of 9 mm, while AHS h32 has AA5754 skins of 1 mm and an
AA3003 core of 30 mm. In both cases, the honeycomb cell diameter is 6 mm, and
the faces are bonded to the core with an epoxy adhesive. The bending stiffnesses
of these panels were calculated according to Eq. (2) using a nominal beam width
of 1 m, resulting in 3.36 x 10° N-mm?/m for AHS h11 and 3.23-10' N-mm?/m for
AHS h32.

Based on these stiffness values, two types of GFRP composite sandwiches were
designed to achieve comparable flexural stiffness:

e GFRP/PVC laminate (lighter and thinner): The biaxial E-glass fabric
(ETL 800-1270, 0/90°) was impregnated with Scott Bader VE 679 PA
vinylester resin and laminated onto a 15 mm thick Airex PVC foam core
(80 kg/m?). Each face consisted of two layers, with a nominal thickness
of 0.62 mm per layer, for a total face thickness of 1.24 mm and an overall
sandwich thickness of approximately 17.5 mm.

e GFRP/balsa laminate (heavier and thicker): The biaxially stitched E-glass
fabric (813 g/m?, METYX Composites 5200.002.240) was impregnated
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with Scott Bader CRYSTIC VE679PA vinylester resin and laminated
onto a 30 mm thick DIAB ProBalsa core (155 kg/m?®). Each face was
reinforced with four layers of fabric, giving a total face thickness of 2.5
mm and an overall sandwich thickness of approximately 35 mm.
The bending stiffnesses of GFRP/PVC and GFRP/balsa panels are 3.28-10°
N-mm?m and 3.48-10° N-mm?*m, respectively. The main geometrical and
mechanical features of the two composite laminates and the two equivalent AHS
structures are summarised in Table 3 and Table 4, respectively. Exact equivalence
could not be achieved, considering the necessity to use commercially available
materials only available in certain configurations (mainly fibre reinforcement
areal weights and core densities and thicknesses), but as can be seen in these
tables, very close equivalence was obtained, allowing meaningful comparisons
between metallic and composite configurations. Both the GFRP/PVC and
GFRP/balsa panels were fabricated using vacuum-assisted hand layup. All panels
were then cut into 100 X 100 mm specimens using a diamond-surrounded circular

Saw.

a d

Figure 20: Cross-sectional view of the four sandwich panels: a=AHSh11, b=AHSh32, c=
GFRP/PVC, d=GFRP/balsa.
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Table 3: Aluminium honeycomb sandwich properties [165].

AHS h11 AHS h32
Skin material AA5754 AA5754
Core material AA5052 AA3003
Skin thickness # [mm] 1 1
Core thickness ¢ [mm] 9 30
Sandwich thickness [mm] 11 32
Honeycomb cell diameter @ [mm] 6 6
Core density [kg/m’] 80 54

SKin to core adhesive

Epoxy resin

Epoxy resin

Skin Young’s Modulus Ef [MPa] 67000
Core Young’s Modulus E. [MPa] 2.74
Bending stiffness [Nmm?/m| 3.36:10° 3.23-10'°
Table 4: Composite sandwich laminate properties [165].
GFRP /PVC GFRP / balsa
Skin fibres 2 plies 813 g/m*> 2 plies 827 g/m?

E-glass biaxial

E-glass biaxial

0/90° fabric 0/90° fabric
Skin matrix Vinylester resin ~ Vinylester resin
Core material Cross-linked End-grain Balsa
PVC foam
SKkin thickness 7 [mml] 1.24 2.5
Core thickness ¢ [mm] 15 30
Sandwich thickness [mm] 17.5 35
Core density [kg/m?) 80 155
Skin Young’s Modulus Ef [MPa] 24044 26400 [166]
Core Young’s Modulus E. [MPa] 84 4100 [166]
Beam bending stiffness [Nmm?/m|] 3.28:10° 3.48:10'
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Figure 20 shows the cross-sections of the four sandwich structures, highlighting
the skin and core configurations of both aluminium honeycomb and GFRP-based
panels.

Since the QS perforation and LVI tests were to be compared, it was important that
the test setups were identical except for the load application. Two different
indenters were employed: in all cases, a hemispherical indenter (H10, ISO 6630)
with a diameter of 10 mm was used (Figure 21(a)), while a conical indenter
(ASTM D5628 Method FB) with a nose radius of 6.35 mm, a base radius of 12.7
mm, and a flare angle of 130° was employed to investigate the influence of
indenter geometry on damage modes (Figure 21(b)). Similarly, in all cases,
specimens were placed on a rigid hollow cylindrical metal support of 40 and 95
mm internal and external diameters, respectively. No clamping was used, mainly

to eliminate inconsistencies between QS and LVI clamping levels.

o,
12,7
4 0
wi
©y ]
A
©
o~ ——
A
)
__________________ ' ‘
°} ot
20 - 254 .
(a) (b)

Figure 21: (a) 10 mm O hemispherical tup (ISO 6630)[165] , (b) Conical indenter (ASTM D5628
Method FB). Orange and green lines indicate start and end of conical shaft section, respectively.
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QS perforation tests were performed with an ITALSIGMA servo-hydraulic
universal testing machine, shown schematically in Figure 22, equipped with a 25

kN load cell and calibrated according to ISO 7500-1 in class 1 [167].

Indenter

Specimen

Figure 22: Experimental setup for QS perforation tests [165].

Tests were conducted at room temperature in displacement control mode at a
speed of 10 mm/min and were video-recorded to allow correlation between visible
failure mechanisms and force-displacement curves. Testing continued until full
perforation of the lower face occurred.

LVI tests were carried out using a CEAST Fractovis Plus falling weight impact
testing machine (Figure 23). The striker mass and drop height were adjustable to
achieve different impact energies, with a sufficiently high Incident Kinetic Energy
(IKE) to ensure full perforation of the lower face. The machine is equipped with
a multiple impact elimination system that prevents rebound of the impact mass on
the specimen, and a spring system can be activated for high-energy tests. The
impactor allows interchangeable tups via a threaded connection, and a strain gauge
enables precise measurement of the applied force. The specimens were supported
by a cylindrical support with internal and external diameter of 40 mm and 90 mm,

respectively.
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Figure 23: CEAST FRACTOVIS drop test machine [168].

To quantify the energy absorption behaviour of the investigated materials, the
following parameters were evaluated for both QS and LVI tests:

e Total Energy Absorption (TEA)

Smax
TEA = f Fds (38)
0
e Mass and density Specific Energy Absorption (SEA)
EA
SEAp = — (39)
TEA
SEAp = T (40)

where F is the force, J the displacement, m the mass and p the density.
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The damage modes under QS and LVI loading were evaluated using non-
destructive testing (NDT). Radiographic inspections were performed using a
BOSELLO SRE m@x system (Figure 24), equipped with a high-power X-ray
source (maximum 1800 W, 320 kV) with a variable focal spot size of 0.4-1 mm.
The system also includes a manipulator with automatic 4-axis motion control and

a flat panel detector with a resolution of 1024 x 1024 pixels.

Figure 24: Interior of the BOSELLO SRE m@x X-ray inspection cabinet.
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3.2 Mechanical response of sandwich structures under quasi-
static and low-velocity impact tests

The first stage of the experimental programme consisted of QS perforation and
LVI tests. These provided crucial insight into the energy absorption capability of
each sandwich configuration, as well as a preliminary understanding of the
sequence of failure events. For each structure, two to three repetitions of both QS
and LVI tests were performed up to complete perforation of the lower face. The
results proved sufficiently repeatable, allowing representative force-displacement
curves to be presented and average values reported in the following discussion.

As described in Section 3.1, both H10 hemispherical and conical indenters were
employed, to assess the role of contact geometry on the perforation behaviour of
the sandwich panels. The following subsections present the results obtained with
the two indenter configurations, highlighting similarities and differences in force-

displacement response, damage evolution and energy absorption.

3.2.1 Results obtained by hemispherical indenter

When considering the H10 hemispherical indenter, the force-displacement curves
obtained for the four sandwich structures (AHS h11, GFRP/PVC, AHS h32 and
GFRP/balsa) under QS and LVI loadings are shown in Figure 25-Figure 28. Video
recordings of the QS tests made it possible to correlate specific points on the
curves with distinct damage events, which are denoted as points A-E in the
figures. Also indicated are the points at which (assuming negligible top face
deflection) the start and end of the conical section of the shaft of the H10
hemispherical tup (Figure 21a) would reach the top face (orange and green lines
for start and end, respectively). If the overall bending deformation of the
specimens was negligible, it would be reasonable to expect an increase in force
due to the conical part of the hemispherical indenter shaft at a displacement of

approximately 11.5 mm, i.e., when the contact between the conical part above the
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hemispherical tup and the specimens starts and the top face perforation begins to
expand. Another predictable event is the increase in force due to the tip hitting the
bottom face at a displacement equal to the total panel thickness minus one skin
thickness (10 mm for AHS h11, 16 mm for GFRP/PVC, 31 mm for AHS h32, and
32 mm for GFRP/balsa). Only in the case of AHS h11 would bottom face contact
be expected before cone engagement. These considerations would be valid if no
deformation occurred; however, the experimental tests revealed slightly more

complex mechanisms, as discussed below for each panel.
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Figure 25: AHS h11 QS and LVI force-displacement responses with H10 hemispherical indenter
[165].

The force-displacement curves recorded on the AHS h11 specimens (Figure 25)
show two load peaks in both QS and dynamic conditions. After an initial linear
elastic response, the load reaches a first peak associated with the failure of the
upper skin (point B). Subsequently, core crushing and perforation occur up to
point C where load starts to increase. It is challenging to distinguish between the
increase in force due to cone expansion of the top face perforation, starting after

11.5 mm of displacement (see orange line in Figure 25), and the force increase
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attributable to contact with the back face, initiating at around 10 mm. This overlap
in mechanisms complicates the interpretation of the observed trends. At point D,
failure of the lower skin is observed. The LVI test mirrors the quasi-static
behaviour, recording higher value of maximum forces at the first peak, with a

perforation energy of 48 J.
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Figure 26: GFRP/PVC QS and LVI force-displacement responses with H10 hemispherical
indenter [165].

For GFRP/PVC specimens (Figure 26), the QS perforation test shows a smooth
and continuous increase in force up to point B, marking the onset of top face
perforation. This is followed by a short plateau, before a significant increase up to
point D, corresponding to failure of the lower skin. In this case, the increase in
force due to cone expansion of the top face perforation, beginning after 11.5 mm
(see orange line in Figure 26), is minimal compared to the increase resulting from
back face contact, which starts at approximately 16 mm. During the LVI test, the
load peaks at points B and D are noticeably higher, indicating the enhanced energy

absorption capability under dynamic conditions.

71



Quasi-static perforation
Low-velocity impact

Force [kN]

15 20 25
Displacement[mm]

Figure 27: AHS h32 QS and LVI force-displacement responses with H10 hemispherical indenter
[165].

Quasi-static tests results for AHS h32 specimens (Figure 27) shows that the force
rises to point B (top skin perforation), drops at C, and then increases again until
bottom skin failure (point D). during core penetration until point D, and then rises
to point E, when lower skin failure occurs. Notably, the force increase due to cone
expansion of the top face perforation, starting after 11.5 mm (see orange line in
Figure 27), is significantly smaller compared to the increase associated with back
face contact, which begins around 31 mm. Additionally, a sharp rise in force is
observed at approximately 17 mm, between points C and D, potentially
corresponding to the cone entering the material, as the upper aluminium face
undergoes significant deformation. For the LVI test, the curve exhibits a more
dynamic profile, with multiple peaks and troughs, but the general trend is the same
as the QS test and the values of the peak forces are only slightly higher than quasi-

static conditions.
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Figure 28: GFRP/Balsa QS and LVI force-displacement responses with H10 hemispherical
indenter [165].

In the QS test of GFRP/balsa specimens (Figure 28), force gradually rises to point
B, followed by a sharp drop at point C, indicating the initiation of upper skin
failure. Subsequently, the force stabilises with minor fluctuations until the lower
skin perforation at point D. In this case, the cone significantly contributes to the
force increase as it progresses through the top face and rigid balsa core, after 11.5
mm displacement (see orange line in Figure 28), until contact with the back face
at around 32 mm. At this stage, there is a pronounced increase in force,
corresponding to the onset of back face contact. The LVI test shows a more
dynamic response, with multiple peaks and valleys in the force curve. The initial
peak at point B, higher than the QS one, is followed by a series of force drops and
recoveries, indicating complex failure mechanisms and progressive damage.

The energy absorption parameters corresponding to the quasi-static perforation
and LVI tests are reported in Table 5 and Table 6, respectively. For each sandwich
structure, the maximum displacement (6max) used for the calculation of total

energy absorbed was taken as the point at which visual inspection confirmed
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perforation or failure of the lower skin, supported by auditory cues and analysis
of the experimental data. This approach ensures that the TEA values represent the

energy absorbed up to the complete loss of structural integrity of the lower face.

Table 5: Quasi-static full perforation results with H10 hemispherical indenter [165].

Fuax TEA SEAn SEA,

oot [kN] 1] [/kg] LImkg]
QSavg AHS hl1 4.09 43 1870 0.07
QSavz GFRP/PVC 3.07 54 2324 0.19
QSave AHS h32 4.27 70 1865 0.29
QSave GFRP/Balsa 9.95 191 2399 0.42

Comparing test specimens with the same stiffness, the AHS hl1 has higher
maximum force values but lower energy absorption values than the GFRP/PVC.
The comparison between AHS h32 and GFRP/Balsa shows that the maximum

load values and energy absorption values are higher in the composite structure.

Table 6: Low-velocity impact full perforation results with H10 hemispherical indenter[165].

IKE s Fax TEA SEAn SEA,

et b kN bl kgl [Imikg]
LVl AHS hl1 48 4.63 48 2142 0.09
LVl GFRP/PVC 80 5.60 80 3220 0.27
LVl AHS h32 80 4.59 80 2127 0.33
LVl GFRP/Balsa 210 10.7 210 2709 0.48

The total energy absorbed, along with SEA,, and SEA, values at perforation,
reported for quasi-static (Table 5) and low-velocity impact conditions (Table 6),
indicates that all the sandwich structures exhibit higher energy absorption under

dynamic loading than in static conditions.
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3.2.2 Results obtained by conical indenter

When considering the conical indenter, the perforation behaviour of the sandwich
structures shows some differences compared to the H10 hemispherical case.

Figure 29-Figure 32 report the force-displacement curves obtained under QS and
LVI loading.
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Figure 29: AHS h11 QS and LVI force-displacement responses with conical indenter [169].

For the AHS h11 specimens (Figure 29), the force-displacement curve under QS
loading shows an initial linear rise to point B, corresponding to the peak load
associated with top skin failure. This event is followed by a load drop, as the core
undergoes crushing and perforation up to point C. A second peak is then recorded
at point D, when the indenter contacts and eventually perforates the bottom skin.
Under low-velocity impact, the trend is similar, with slightly higher peak forces,

reaching a perforation energy of 65 J.

75



Quasi-static perforation tests
Low-velocity impact tests

ol
I // D |

‘Lo o

L 'WVA

o B \”Wm il W“‘W ’

: C

"T/A 100 J

00 é ?0 11-) 2;) 25 3I0 3‘5 4:0

Displacement [mm]
Figure 30: GFRP/PVC QS and LVI force-displacement responses with conical indenter [169].

For the GFRP/PVC specimens (Figure 30) under quasi-static loading, the force
increases as displacement increases up to point B, marking the onset of top skin
perforation. This is followed by a short plateau, corresponding to complete core
crushing and perforation, before a second load peak at point D, corresponding to
bottom skin failure. Under low-velocity impact, the overall trend mirrors the QS
response, but the load peaks at points B and D are higher, with a perforation
energy of 100 J.

Figure 31 and Figure 32 show the response of AHS h32 and GFRP/Balsa
specimens. In this case, the force-displacement curves show three peak loads. The
main difference, compared with the curves recorded on the AHS h11 and GFRP
PVC specimens, is observed between the top and bottom skin failure (points B
and F, respectively), where the conical tup produces a local peak, due to the core
crushing and the increase of contact area between the conical indenter and the

specimen (Figure 31 and Figure 32, point D).
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Figure 31: AHS h32 QS and LVI force-displacement responses with conical indenter [169].
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Figure 32: GFRP/Balsa QS and LVI force-displacement responses with conical indenter [169].

Under low-velocity impact, the AHS h32 response is very similar to the quasi-
static trend. For GFRP/Balsa, the load trend is strongly influenced by the
interaction between the indenter and the skin. Perforation energies are 110 J for

AHS h32 and 260 J for GFRP/Balsa. Also in this case, the energy absorption
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parameters corresponding to the QS perforation and LVI tests with conical

indenter are reported in Table 7 and Table 8.

Table 7: Quasi-static full perforation results with conical indenter[169].

Fumax TEA SEAm SEA,

oot [kN] 1] [I/kg] [Im/kg]
QSave AHS h11 5.59 61 2541.5 0.10
QSave GFRP/PVC 4.04 85 3168.1 0.27
QSave AHS h32 4.83 99 2413.6 0.38
QSave GFRP/Balsa 8.02 198 2422.5 0.43

Comparing the test specimens with the same stiffness, it can be observed that the
AHS hl11 compared to the GFRP/PVC shows higher maximum load values, but
27% lower total energy absorption values. The specific energy absorption relative
to mass and density are also higher in the case of the composite structure. The
comparison of AHS h32 and GFRP/Balsa core shows that the values of maximum
load and TEA are higher in the case of the composite structure, while SEA values

are similar.

Table 8: Low-velocity impact full perforation results with H10 hemispherical indenter [169].

IKE es Fomax TEA SEAn SEA,

fet 1] [kN] bl kgl [Imkg]
LV AHS hll 65 5.97 65 2927.5 0.12
LVl GFRP/PVC 100 6.93 100 3969 0.33
LVl AHS h32 110 5.29 110 3000.3 0.47
LVl GFRP/Balsa 260 12.30 260 3573.5 0.64

Comparing the TEA, SEAn, and SEA, values up to perforation under QS (Table
7) and LVI conditions (Table 8), it is evident that the dynamic values are higher

than those obtained from the quasi-static tests.
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3.2.3 Failure mode evaluation

The QS X-ray images of fully perforated specimens (Figure 33) reveal all the

failure mechanisms observed during testing.

(b)

(© (d)

Figure 33: Radiographic results of QS tests performed at complete perforation using H10
indenter. (a) = AHS hl1l, (b) = GFRP PVC, (c) = AHS h32, (d) = GFRP balsa. [165]

For the thinner AHS structure (Figure 33(a)), the deformation of the top skin in
the direction of load application and its subsequent perforation leads to the
collapse of the honeycomb core cells due to buckling. Subsequently, deformation
and perforation of the bottom skin occur. Visual inspection of GFRP/PVC
specimens shows skin delamination and indentation marks on both faces, with the
face failure exhibiting the characteristic cross shape typical of 0-90° fibre
composites. Radiographic analysis (Figure 33(b)) confirms skin delamination and
shows core perforation, densification, and breakage. Radiographic image of the
thicker AHS structure (Figure 33(c)) shows very similar failure mechanisms to
those previously seen for the thinner AHS, again, deformation occurs in the

direction of load application and subsequent perforation of the upper skin and
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buckling and shear cell failure are observed in the core. GFRP/balsa specimens
(Figure 33(d)) display skin delamination, core densification and subsequent
failure.

Failure progression under LVI with a H10 hemispherical tup (Figure 34) closely

mirrors that observed in the corresponding QS tests (Figure 33).

(© (d)

Figure 34: Radiographic results of LVI tests performed at complete perforation using HI10
indenter. (a) = AHS hll1, (b) = GFRP PVC, (c¢) = AHS h32, (d) = GFRP balsa. [165]

Radiographic investigations conducted on specimens perforated quasi-statically
with the conical indenter (Figure 35) show the same damage progression as

identified for those perforated with the H10 hemispherical tup (Figure 33).
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Figure 35: Radiographic and visual inspection results of OS tests performed at complete
perforation using conical indenter. (a) = AHS hll, (b) = GFRP PVC, (c) = AHS h32, (d) = GFRP
balsa. [165]

However, a larger damage area is suffered by the AHS h11 in Figure 35(a) and
AHS h32 in Figure 35(b) specimens compared with the corresponding specimens
tested with the hemispherical tup, simply due to the greater size of the conical
indenter. GFRP/PVC specimens (Figure 35(c)) show skin delamination, absence
of foam in the core in the direction of load application (more extensive than with
the hemispherical tup), and core densification. Also, the face-ply detachment
exhibits a classic cross shape. Face ply delamination was also seen via inspection
of negative X-ray images. Figure 35(d) shows a simple visual inspection of the
GFRP balsa specimen since radiographic inspection was not conducted in this
case since the specimens had to be cut to free from the indenter. Again, the failure
modes observed under LVI loading with the conical tup (Figure 36) were seen to

be very similar in progression to those for the corresponding QS tests (Figure 35).
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Figure 36: Radiographic results of LVI tests performed at complete perforation using conical
indenter. (a) = AHS h1l1, (b) = GFRP PVC, (c¢) = AHS h32, (d) = GFRP balsa. [165]
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4. Mechanical behaviour of hybrid

sandwich structures

Sandwich structures with aluminium honeycomb cores are widely used in several
engineering fields, particularly in the transportation industry, due to their excellent
stiffness-to-weight ratio and high energy absorption capacity. However, the use
of conventional composite skins, such as GFRP, raises concerns related to
disposal and environmental sustainability. Therefore, current research
increasingly focuses on the development of hybrid and “green” alternatives,
aiming to combine mechanical efficiency with reduced environmental impact.

In this framework, the hybridisation of aluminium honeycomb sandwich panels
by introducing skins reinforced with natural or alternative fibres represents a
promising strategy. This study investigates the mechanical behaviour of two
hybrid configurations: the first obtained by adding two skins reinforced with flax
fibres, and the second by adding skins reinforced with basalt fibres. The objective
is to assess the influence of hybridisation on the flexural performance and on the
low-velocity impact response of these structures, with particular attention to the
mechanical properties and failure mechanisms associated with the different types
of reinforcement. The results are compared with the literature, providing useful

insights for the design of sustainable and high-performance composite structures.

4.1 FFRP/AHS hybrid sandwich structures

Among the sustainable alternatives to conventional composite skins, flax fibre
reinforced polymers have emerged as promising candidates for hybrid sandwich
structures. Flax fibres are natural, renewable, and biodegradable, offering a
substantially lower environmental footprint compared to synthetic fibres, while

still providing satisfactory mechanical performance. Their incorporation into
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aluminium honeycomb sandwich panels allows the exploration of hybrid
configurations that balance structural efficiency and sustainability, in line with the
growing interest in “green composites” within the transportation and engineering
sectors.

This section presents the experimental investigation of FFRP/AHS panels,
organized into three parts: materials and manufacturing methods, low-velocity

impact tests, and three-point bending tests.

4.1.1 Materials and methods

To investigate the effect of natural fibre reinforcement on the mechanical
behaviour of aluminium honeycomb sandwiches, flax fibre reinforced polymer
skins were manufactured and bonded onto the surfaces of AHS panels with
aluminium face sheets.

The lateral skins of the hybrid sandwich panels were made of a polylactic
acid/polybutylene (adipate-co-terephthalate) PLA/PBAT blend in a 20/80 weight
ratio as the matrix, reinforced with a flax fibre fabric. The matrix (4500, Enyax
s.r.l., Buccino, Italy) contains approximately 12% by weight of micro-sized
calcium carbonate particles and was originally developed for the food packaging
sector. The reinforcing fabric (Composites Evolution Ltd, Chesterfield, UK) has
a 2x2 Twill architecture and a surface density of 200 g/m>.

Thin laminates used as skins were obtained by alternately superimposing polymer
matrix films with layers of flax fabric and, finally, subjecting the stacked materials
to a hot compaction process at 180 °C, applying a pre-selected pressure cycle
based on previous experiences. Considering four overlapping layers of fabric,
sheets approximately 1.6 mm thick were obtained.

The FFRP skins were bonded to the AHS using two commercial adhesives: a
polyurethane adhesive (PU) (SIGILL Politenace 779, pru = 1130 kg/m®) and a
bicomponent epoxy adhesive (ER) (Fischer, per = 1150 kg/m?). The adhesive

84



layer had an average thickness of 0.65 £ 0.05 mm, and curing was performed for

72 hours at room temperature.

1 =
2 « 3 Adhesive
3
4

M Adhesive
5

Figure 37: Lay-up of FFRP/AHS panels [170]. The numbered labels indicate the sequence of the
panel constituents: (1) A500/FFRP upper skin, (2) aluminium upper skin, (3) aluminium
honeycomb core, (4) aluminium lower skin, and (5) A500/FFRP lower skin.

Figure 37 shows the lay-up of FFRP/AHS panels, and Table 9 summarizes the
main physical and geometrical properties.

For the LVI tests, FFRP/AHS specimens were prepared with nominal in-plane
dimensions of 60 x 60 mm?. The overall thickness depended on the adhesive: PU-
bonded specimens were 15.67 + 0.10 mm thick and weighed 41.72 £ 0.71 g, while
ER-bonded specimens were 14.89 + 0.07 mm thick and weighed 41.19 £ 0.45 g.
LVI tests were conducted using the impact testing machine described in Section
3.1. Two hemispherical tups were employed to investigate the effect of tup
geometry: (i) a 10 mm diameter tup (Figure 21(a)) and (ii) a 20 mm diameter tup
(H20), according to ISO 6630 (Figure 38). The tests were conducted using impact
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energies varying from 40 to 180 J, with two repetitions performed at each energy

level.

Table 9: Physical and geometrical properties of the FFRP/AHS panels [170].

Fibre orientation/

Numbers diameter (d) and Density  Thickness
Material
of layers thickness (tc) of [kg/m?] [mm]
honeycomb cell
A500/2x2
4 ) [0°/90°] 1290 1.6
Upper Twill flax
skins AAS5754
1 - 2730 1.0
H32
d=6 mm
Core 1 AA5052 80 9.0
te=0.06 mm
AAS5754
1 - 2730 1.0
Lower H32
skins A500/2x2
4 [0°/90°] 1290 1.6
Twill flax
F
-

Figure 38: Hemispherical tup @20 (ISO 6630) [170].

Additional three-point bending tests were performed only on PU-bonded
FFRP/AHS panels. The tests were carried out using the same ITALSIGMA servo-
hydraulic universal testing machine employed for the QS perforation tests,

equipped with a 25 kN load cell.
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The flexural tests were not performed according to a specific standard, as the main
objective was to investigate the damage mechanisms as a function of the support
span. Therefore, the test parameters were defined to enable the observation and
correlation of the different failure modes of the sandwich structure.

Supports were positioned at L = 55, 70, 80, and 125 mm, with a preload of 10 N

and displacement applied at 2 mm/min. Figure 39 shows the experimental setup.

({0 Eger TEITTRERFEEETANEL:

Figure 39: Three-point bending test setup for FFRP/AHS panels [170].

To quantify the energy absorption properties, the following parameters were

evaluated:

e Absorbed energy [J]

E = f T ks (41)
0
e Energy absorption of the ideal absorber [J]
E; = Enax * Omax (42)
e Energy efficiency
E
=g (43)
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The failure modes of the FFRP/AHS panels were investigated through visual
inspection, optical microscopy, digital radiography, and flash thermography.

The radiographic inspections were performed using the equipment described in
Section 3.1.

The use of flash thermography for damage detection and material characterization
is a well-established approach within the framework of active infrared
thermography. In this technique, an external energy source, typically an intense
and short optical pulse, is applied to generate a transient thermal wave that
propagates through the specimen. The surface temperature evolution, recorded by
an infrared camera, is subsequently analysed to evaluate local variations in
thermal diffusivity associated with internal discontinuities. Since the heat
diffusion rate differs between damaged and sound regions, the resulting transient
temperature contrast enables the detection and quantification of subsurface defects
such as delamination, debonding, cracks, or corrosion-induced damages [171].
Active infrared thermography techniques employ external excitation sources, such
as optical radiation (e.g., halogen heat lamps and lasers), electromagnetic
stimulation (induced eddy currents and microwaves), mechanical ultrasonic
waves, or material-enabled features in composites, to generate heat in the
component under inspection [172]. Techniques using optical excitation sources
provide fast, contactless, and cost-effective inspection capabilities compared with
more complex non-destructive evaluation systems, such as phased-array
ultrasonics or X-ray computed tomography. Pulsed thermography has been
successfully applied to a wide range of materials, including composites, metals,
and polymers, demonstrating high efficiency and reliability in structural integrity
assessment [173], [174], [175], [176].

Accordingly, a FLIR X8400sc thermal camera (Figure 40(a)) was employed, with
the thermal excitation provided by a 4800 W Elinchrom Twin X4 flash unit
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(Figure 40(b)) mounted on an adjustable tripod. The main specifications of the

thermal camera are summarized in Table 10.

(b)

Figure 40: (a) Thermal camera FLIR X8400sc, (b) Elinchrom Twin X4 flash unit.

Table 10: FLIR X8400 specifications

IR resolution 1280 x 1024 pixels
Sensor Indium antimonide (InSb)
HD Lens IR, focal length 28 mm

IR, focal length 100 mm

Accuracy +1°C
Thermal sensitivity 20mK @ 30 °C

Spectral range 1.5-5.1um

Image frequency 106 Hz (full frame)

Sensor cooling Stirling cycle
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4.1.2 Low-velocity impact test results

Low-velocity impacts are a critical loading condition for sandwich structures, as
they can cause extensive internal damage while often producing only limited
visible signs on the external surfaces. This hidden damage can significantly
compromise the structural integrity of the panels, making early detection and
analysis essential. For this reason, evaluating the impact response of FFRP/AHS
panels is essential for assessing their structural reliability. This section presents
the results of the experimental campaign, highlighting the effects of the adhesive
type and impactor geometry on the mechanical behaviour. The force-displacement
and energy-displacement curves for the specimens bonded with polyurethane and
epoxy adhesives are shown in Figure 41 and Figure 42.

Specifically, Figure 41(a) and Figure 42(a) illustrate the force-displacement
curves for specimens impacted at different energy levels, up to the complete
perforation energy, which was equal to 180 J for both sandwich configurations
(bonded with PU and epoxy adhesive) when tested with the H20 impactor. By
contrast, with the H10 impactor, the perforation energy was lower, that is 125 J
for the PU-bonded specimens and 100 J for the epoxy-bonded ones.

The curves exhibit the typical trend, with an initial elastic part followed by a load
peak caused by contact with the first skin. After this peak, a drop of the load is
usually recorded, which is followed by a second peak at higher energy levels,
corresponding to contact with the second skin after the failure of the first one and
of the core.

Figure 41(b) and Figure 42(b) show the energy-displacement curves obtained
from impact tests at different energy levels, covering both adhesive families and
impactor geometries, demonstrating that energy absorption increases

progressively until total perforation occurs.
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Figure 41: Impact force-displacement (a) and energy-displacement (b) curves obtained by

polyurethane adhesives [170].
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Figure 42: Impact force-displacement (a) and energy-displacement (b) curves obtained by epoxy
adhesives [170].
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For the tests performed with the H20 impactor on the specimens bonded by
polyurethane and epoxy adhesive, at energies lower than 140 J, the energy
absorption increases almost linearly with the displacement, with very narrow
changes in the slope for the tests at 88 and 125 J and 140 J.

This behaviour is due, after the initial contact between the indenter and the upper
skin, to the small contribution of the honeycomb core in adsorbing energy for its
short height [177].

A different trend is found at 180 J, where there is an initial linear trend, a
subsequent slope change, that is less than in the previous phase, due to the
perforation of the lower skin. On the tests carried out with the H10 hemispherical
tup, due to the geometry of the indenter, the curves trend is different from the
previous case.

The curves slopes appear to be smaller, and therefore less accentuated, and the
displacement values greater because of the contact between the lateral surface of
the tup and the specimen. In this case, the slope changing due to the second stage
[177] is still very narrow but more evident respect to the tests performed with the
H20 indenter.

Overall, the results confirm that the impact performance is strongly influenced by
the size and geometry of the impactor. As also reported in Table 11, the impact
tests performed with the H10 tup exhibits low values of load peak, which are due
to the much more severe conditions of the impactor with a smaller contact surface
than the H20 one.

As it can be seen in Figure 41 and Figure 42 for the H10 impactor, very long
contact time allows very important deflection of the specimens.

In the analysed specimens, this is reasonably due to the low bending stiffness of

the skins [178] and to the impactor geometry (as shown Figure 21(a)).
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Table 11: Results of the impact tests on the FFRP-AHS panels glued with PU and epoxy adhesives
[170].

Etest Fmax TEA SEAm Density SEA,

[J] [N] [J] [J/kg]  [kg/m’]  [J*m/kg]
PU H20 - 56J 56 8609 52 1247 747.52 0.07
PU H20 - 88J 88 10090 81 1986 724.21 0.11
PU H20 - 125J 125 10564 124 2997 723.84 0.17
PU H20 - 140J 140 10417 139 3216 770.81 0.18
PU H20 - 180J 180 8855 164 3733 785.99 0.21
PU H10 - 40J 40 4073 39 927 746.74 0.05
PU H10 - 56J 56 4805 55 1292 747.84 0.07
PU H10 - 88J 88 5390 88 2165 735.92 0.12
PU H10 - 125J 125 5133 125 2989 755.3 0.17
ER H20 - 56J 56 8591 53 1287 798.99 0.07
ER H20 - 88J 88 9481 88 2123 783.79 0.11
ERH20-125J 125 10616 123 3036 787.03 0.16
ER H20-140J 140 10733 140 3288 821.82 0.17
ER H20-180J 180 10090 180 4285 824.53 0.22
ER H10 - 40J 40 4483 39 933 779.67 0.05
ER H10 - 56J 56 5080 55 1330 786.53 0.07
ER H10 - 88J 88 5525 88 2140 768.73 0.11
ERH10-100J 100 4904 100 2473 793.57 0.13
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4.1.3 Failure mode analysis

In addition to the force-displacement and energy-displacement trends, the analysis
of the failure modes provides valuable insights into the damage mechanisms
governing the impact response of FFRP/AHS panels. The different deflection
modes due to the indenter geometry can be observed in Figure 43.

The damage analysis, performed by visual inspection, indicates that the FFRP
skins can plastically deform together with the aluminium skins. The energies
reported in Figure 43(b), (d), (f), and (h) (right-hand column) correspond to those
required to achieve complete perforation of the bottom face as well. As shown,
the impact energy is spent to deforming the skins (Figure 43) and on breaking the
fibres and the matrix in a diamond shape (Figure 44) [179]. The fibre pullout
mechanism and intralaminar crack [180] were also detected (Figure 45 and Figure
46).

Moreover, the ductile behaviour of the thermoplastic matrix appears to prevent
delamination initiation, which was not visible. The thermogram of a tested
specimen, obtained by flash thermography, is shown in Figure 47.

As highlighted in the image, the detected damage includes indentation, fibre
breakage (indicated in magenta, representing colder areas due to interrupted
thermal conductivity), and global bending (apparent temperature changes caused
by geometric effects). Delamination and subsurface damage typically appear as
hot spots, as reported in [181], which weren’t detected on the impacted specimens.
The impact damage is similar also for the two used adhesives, considering the H20
impactor. Some differences can be found with the H10 impactor, which causes

more marked damage in the specimens glued with PU adhesive.
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Figure 43: Impact damage of the specimens [170]. The adhesive is the PU type, and the impactors
were H20 in (a) and (b); H10 in (c) and (d). The adhesive is the epoxy type, and the impactors
were H20 in (e) and (f); H10 in (g) and (h).
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Figure 44: Fibre breakage and matrix cracking in the FFRP skin [170].
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Figure 45: Fibre pullout in the FFRP skin [170].
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Figure 47: Thermogram of a tested specimen [170)].

98



Digital radiography was used to further investigate the failure mechanisms, with

the results presented in Figure 48.
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Figure 48: Radiographic inspection of the impacted specimens [170]. The adhesive is the PU type
in (a), (b), (c) and (d). ER type in (e), (f), (g) and (h).
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Indicating with: NP = no perforation, BFP = bottom face perforation and TFP=
top face perforation, Figure 49 summarizes the failure behaviour of the impacted
specimens.

This behaviour confirms that the H10 indenter represents the worst-case scenario,
as complete perforation of the specimen is achieved at an early impact energy of
56 J, whereas no face-sheet perforation occurs at the same energy with the H20
tup. In contrast, with the H20 indenter, top skin perforation occurs at 88 J for both
types of specimens. By increasing the impact energy to 180 J, it is possible to
notice the breaking of the bottom flax reinforced skin, which leads to greater loads

in the specimens bonded with epoxy adhesive.
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AHS H20 - ¢ ¢ @ _
ER H20 | 3 5} e o .
ERH10 - ¢} ‘ -
PU H20 | ) ¢} e o -
PUH10 - ¢} E

20 40 60 80 100 120 140 160 180 200
Impact Energy [J]

"t e

Figure 49: Failure modes comparison of the LVI samples [170].
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4.1.4 Limit load prediction

Considering that the top face perforation occurred at 88 J for all hybrid sandwich,
a theoretical model developed by Crupi et al. [108], [109] for the prediction of the
limit load, was applied for the specimens impacted with the H20 indenter. The
prediction of the limit load is expressed by:

Pf = Pfaceplate_stretching + Pcore_crushing + Pcore_tearing

= zﬁnReAn(ecmf)% + K R20ycq + 2TR, Y. “
The parameters reported in Eq. 44 are summarized in Table 12.
Table 12: Parameters used in the theoretical model (hemispherical tup @20 mm)
Symbol Definition Aluminium FFRP skins

R E.ffectl\./e radius Qf the R. =04 [109]
hemispherical nose impactor

Constraint factor, resulting from
the fact that the core under the

Ke indenter is constrained by the Average value of Ke =2 [109]
surrounding material
Matrix coefficient of the dynamic
Ant extensional stiffness of the face- 82418 MPa [109] 222.10 MPa
[this study]
sheet
Dynamic tensile fracture strain of 0.021
Eerdf the face-sheet 0.02[109] [this study]
Gyed Dynamic crushing strength of the 2 MPa [109] i
core
Ye Tear energy of the foam 6.7 kJ/m?[109] -

The dynamic extensional stiffness Aiirfor the flax skins was obtained with the
lamination theory by using Hyperlaminate tool available in Altair Hyperworks®

software. The value of the static tensile fracture strain of the skin ecrdf was
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calculated from experimental tests. For calculating the tensile and shear moduli of
the single lamina the rule of mixtures was employed, and the mechanical
properties of the flax fibres and of the blend components were taken from previous
research papers [182], [183], [184], [185], [186], [187].

The model was able to predict the load failure with an error of 12% (11123 N vs.
9786 N, obtained as the average value of the top face-sheet perforation
experimental load for the specimens glued by epoxy resin and polyurethane
adhesive reported in Table 11, Section 0). The contribution of the aluminium skin

was considered by superimposing its faceplate stretching.

4.1.5 Three-point bending test results and failure mode
analysis

Three-point bending tests were performed to evaluate the flexural response of the
FFRP/AHS panels under QS loading.

Figure 50 shows the load-deflection curves obtained from these tests. The results
show that the mechanical behaviour in bending conditions is strongly affected by
the support span distance. Indeed, for lower values of support span distance, the
bending strength is higher than the largest one (125 mm). At L = 55 mm the
efficiency of the sandwich panel is also higher (Table 13).

Table 13: Results of the three-point bending tests [170)].

L Fmax Omax E Ei n
[mm] [kN] [mm] [J] [J] [%]

LS55 55 2.86 13.25 29.83 37.93 79
L70 70 2.70 16.54 35.80 44.69 80
L80 80 2.02 18.69 24.21 37.81 64
L125 125 1.95 19.54 20.81 38.00 55
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Figure 50: Load-deflection curves obtained by three-point bending test [170)].

The trend of the curves suggest that different damage mechanisms were triggered
during the test, as at L = 55 and 70 mm the load, after reaching the highest value,
has a sudden drop, followed by a certain damage tolerance which causes a load
increment. For L = 80 and 125 mm, a short load plateau occurs after the peak,
followed by a gradual and continuous decrease. The slope of the decrease is
steeper for L = 125 mm, indicating more severe damage in the panel. The failure
modes were further investigated using visual inspection and digital radiography,
which allowed a detailed detection of the different bending behaviours.

The images in Figure 51 show that for L =55 and 70 mm, the panels fail primarily
by indentation, which explains the load recovery after the peak due to local
densification of the core under the applied cylinder. In this case, the damage is
highly localized. For L = 80 and 125 mm, failure is dominated by core-shear,

leading to extensive damage of the core and debonding from the bottom skin. It is
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worth noting that the debonding between FFRP and aluminium face-sheets is very

narrow.

Figure 51: Failure modes of the specimens subjected to bending loads [170)].

The indentation failure mode is better explained in Figure 52(a) and Figure 52(b),
where is put in evidence not only that the cells involved in the damage collapsed
by buckling, but also the densification, highlighted by the higher grey level
recorded in the area below the cylinder. The radiography of the specimen tested
at L = 80 mm (Figure 52(c)) also reveals a simultaneous presence of both failure
modes: indentation and core-shear.

Therefore, this support span can be considered a borderline condition where
indentation is still observed. At L =125 mm (Figure 52(d)), only core-shear failure
is present. The damage is extensive, causing an asymmetric deformation and the

formation of plastic hinges.
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Figure 52: Digital radiography of the specimens subjected to bending loads allowed to detect
internal damage [170)].
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4.2 BFRP/AHS hybrid sandwich structures

Basalt fibre reinforced polymers (BFRP) represent an effective compromise
between mechanical performance and environmental sustainability in the field of
hybrid sandwich structures. Basalt fibres are produced by melting volcanic rocks,
providing a mineral-based reinforcement derived from abundant natural resources
and relatively straightforward processing. Their high tensile strength, good
thermal and chemical resistance, and intrinsic fire performance make them
attractive for structural applications requiring durability and safety, while offering
a lower environmental footprint than glass or carbon fibres [19].

Combining BFRP skins with aluminium honeycomb cores enables the
development of hybrid configurations with improved structural efficiency.

This section presents the experimental investigation on hybrid BFRP/AHS panels
bonded with a commercial polyurethane adhesive. The discussion is organized

into three parts: materials and methods, QS perforation tests, and LVI tests.

4.2.1 Materials and methods

Basalt fibre reinforced polymer skins were fabricated and bonded to aluminium
honeycomb sandwich panels to prepare the specimens for the experimental
campaign. The skins were made by alternately stacking polyamide (PA12) films
and plain basalt fabric layers, followed by consolidation through hot pressing. The
PA12 films were prepared from a waste powder supplied by a company, originally
SINTERIT PA12 Industrial Fresh (bulk density 505 kg/m?) intended for Selective
Laser Sintering. After pre-drying at 80 °C in a vacuum oven for 4 hours, the
powder was transformed into films using a COLLIN P400E hydraulic press at 245
°C. The pressing cycle consisted of 2 minutes at 0 bar, 2 minutes at 10 bar and 1
minute at 20 bar. Once cooled to room temperature under a maximum pressure of

20 bar, films approximately 250 um thick were obtained.
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The composite skins were then produced by combining four plies of plain basalt
fabric (Incotelogy GmbH, 210 g/m?) with the PA12 films in the same hydraulic
press at 245 °C, following a pressure cycle of 3 minutes at 5 bar, 3 minutes at 10
bar, and 3 minutes at 15 bar.

Table 14 reports the main physical and geometrical properties of the BFRP/AHS
panels, and Figure 53 illustrates the lay-up of the panels.

Table 14: Physical and geometrical properties of the BFRP/AHS panels.

Fibre orientation/
Numbers diameter (d) and Density Thickness
Material
of layers thickness (tc) of [kg/m3] [mm]

honeycomb cell

4 PA12/Basalt [0°/90°] 1190 1.5
Upper
skins AA5754
1 - 2730 1.0
H32
Type 1: d=6 mm Type 1:
t=0.06 mm 80
Core 1 AA5052 9.0
Type 2: d=3 mm Type 2:
t=0.05 mm 130
EXRRRRRURRRARCLEC
AA5754
1 - 2730 1.0
Lower H32
skins
4 PA12/Basalt [0°/90°] 1190 1.5

107



2 ~—— Adhesive
3
4

— Adhesive
5 3

Figure 53: Lay-up of BFRP/AHS panels. The numbered labels indicate the sequence of the panel
constituents: (1) PA12/BFRP upper skin, (2) aluminium upper skin, (3) aluminium honeycomb
core, (4) aluminium lower skin, and (5) PA12/BFRP lower skin.

BFRP/AHS specimens were manufactured with nominal in-plane dimensions of
60 x 60 mm?. Two different types of aluminium honeycomb core were employed,
with 3 mm and 6 mm honeycomb cell diameters. Table 15 reports the
corresponding measured average mass and density for these specimens, including

standard deviations.

Table 15: Measured average mass and density of BERP/AHS specimens

Mass [g] Density [kg/m?]
BFRP/AHS d3 41.68 £ 1.46 826.88 £28.90
BFRP/AHS dé6 39.09+1.00 775.55 +£19.88

The BFRP skins were bonded onto the aluminium sandwich panels using a single-
component polyurethane adhesive, TEKNICA U2®, with the following
properties:

e Final curing time = 30 minutes
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e p=1460 kg/m?

e Shear strength under tensile load (EN 204 — D1) > 10.5 N/mm?

e Shear strength under tensile load (EN 204 — D4) > 4.5 N/mm?

e Chemical resistance: Excellent

e Water and humidity resistance: Excellent (DIN EN 204 D4)
To investigate the mechanical performance of the BFRP/AHS hybrid sandwich
panels, QS perforation and LVI tests were carried out, using the testing machines
described in Section 3.1. In both QS perforation and LVI tests, the H20
hemispherical tup was employed. For the LVI tests, impact energies ranged from
180 to 250 J, with two repetitions performed at each energy level.
The failure modes of the BFRP/AHS panels were systematically investigated
through digital radiography and flash thermography (the radiographic and flash
thermographic equipment are described in Section 3.1 and Section 4.1.1,

respectively).

4.2.2 Quasi-static perforation test results

QS perforation tests are widely used to evaluate the resistance of sandwich panels
to concentrated loading and to identify the onset and progression of failure
mechanisms. To assess the benefits of hybridization, the tests were conducted on
both BFRP/AHS hybrid panels and the reference unreinforced aluminium
honeycomb sandwich panels. The force-displacement curves, shown in Figure 54
and Figure 55 for BFRP/AHS d3 and BFRP/AHS d6, respectively, present the
mechanical response of both panel types under QS loading. The force-
displacement curves of the BFRP/AHS d3 hybrid panels exhibit an initial linear
stage, where the load increases proportionally with displacement until reaching a
first peak. This peak corresponds to the failure of the top skin, which causes a
sudden load drop. Subsequently, the indentation of the core leads to a second load

increase associated with the contact of the indenter with the bottom skin,
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producing a new peak before its perforation. Once the bottom skin is penetrated,

the load sharply decreases.

14 :
——AHS_d3 1
AHS_d3 2
12 ——BFRP/AHS_d3_1
——BFRP/AHS_d3_3
10
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=
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e 6
4
2
0

0 5 10 15 20 25
Displacement[mm]

Figure 54: Force-displacement curve from the QS perforation test of the BFRP/AHS d3 hybrid
panel and the reference AHS panel.
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Figure 55: Force-displacement curve from the QS perforation test of the BFRP/AHS d6 hybrid
panel and the reference AHS panel.
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When compared with the unreinforced AHS panels, the hybrid specimens exhibit
lower peak loads, while the AHS specimens show a more extended plastic
deformation region.

A similar general trend is observed in the BFRP/AHS d6 panels. In this case, the
linear region is significantly wider than in the 3 mm configuration: while the first
peak in the BFRP/AHS d3 panels occurs at a displacement of approximately 9
mm, in the BFRP/AHS d6 panels it is delayed to approximately 17 mm. In this
case, the plastic deformation phase is much more limited.

Overall, both hybrid configurations exhibit higher stiffness compared to the
unreinforced AHS panels, highlighting the contribution of the BFRP skins to the

initial stiffness of the sandwich panels.

Table 16.: OS perforation results for BFRP/AHS.

Provino Fmax OFmax Omax TEA (6=17mm) SEAp (6=17mm)

n° [kN] [mm] [mm] [J] [J*m3/kg]

1 127 129 171 116.6 0.20
AHS d3

2 12 122 17 106.8 0.18

1 9.7 86 210 112 0.13
BFRP/AHS d3

3 96 89 206 112 0.14

1 92 160 187 90.2 0.17
AHS d6

2 109 181  20.0 90.2 0.16

1 135 178 29.8 110.2 0.15
BFRP/AHS d6

2 13 163 225 121.1 0.16

In addition, Table 16 reports the main quantitative results obtained from the QS
perforation tests, including the maximum load, displacement at maximum load,
maximum displacement, total absorbed energy, and specific absorbed energy

normalized by the panel density. The energy absorption parameters were
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calculated at a common displacement of 17 mm (light blue line), allowing a direct
comparison between the BFRP/AHS hybrid panels and the reference AHS panels.
The QS perforation test results provide a clear indication of the effect of
hybridization on the energy absorption behaviour of the panels. For the
BFRP/AHS d3 panels, he TEA of the hybrids is similar to that of the unreinforced
AHS panels, while the SEA is about 30% lower due to the increased density from
the BFRP skins. For the BFRP/AHS d6 panels, the hybrids exhibit higher TEA,
but the SEA remains slightly lower (around 6% lower) than the reference panels,
again because of the increased density. These results indicate that hybridization
enhances the total energy absorption, while the specific energy per unit density
can decrease due to the added mass of the reinforcing skins.

The panel stiffness K was evaluated from the initial linear portion of the load-

displacement curve using the following formula:

AF

K=A_6

(45)

where AF is the change in force and Ad is the corresponding displacement change.

The stiffness values are showed in Table 17.

Table 17: Stiffness (K) of BFRP/AHS panels, calculated from the initial linear part of the force-
displacement curves obtained in QS perforation tests.

K [N/mm]
AHS d3 905
BFRP/AHS d3 1204
AHS dé6 655
BFRP/AHS dé6 832

The stiffness of the BFRP/AHS d3 and d6 panels increases by approximately 33%
and 27%, respectively, compared to the unreinforced AHS panels. During the QS

perforation tests, a video camera was positioned to record the entire duration of
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each test. Synchronization between the start of the test and the beginning of the
recording was achieved using a manual trigger. This setup allowed the correlation
of the force-time curves with the corresponding video frames, providing visual
insight into the failure progression of the specimens. Figure 56 and Figure 57 show
the analysis performed on the BFRP/AHS d3 and d6 panels, respectively.

For the BFRP/AHS d3 hybrid specimen, the first force peak, corresponding to the
perforation of the top skin, occurs at 107 s, with an indenter displacement of 8.63
mm. The final peak is observed at 242 s, with an indenter displacement of 20 mm.
From the analysis of the last peak, the out-of-plane displacement of the skins
before failure is 6.01 mm. Local debonding is indicated in the curve by a red

asterisk.

t=107s
6=8.63 mm

QS - BFRP/AHS d3

*Local debonding

) 0 50 100 180 200 250 300
P Time [s]

Figure 56: Force-time curve of the BERP/AHS d3 panel, correlated with synchronized video
frames showing failure progression
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Figure 57: Force-time curve of the BFRP/AHS d6 panel, correlated with synchronized video
frames showing failure progression.

For the BFRP/AHS d6 specimen, the first force peak occurs at 198 s,
approximately twice the time observed for the BFRP/AHS d3 panel,
corresponding to an indenter displacement of 18.08 mm. The second peak is
reached shortly afterwards, at 219 s. In this case, the out-of-plane displacement is

considerably higher, since the entire specimen deforms by bending.
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4.2.3 Low-velocity impact test results

Low-velocity impacts represent a critical loading scenario for sandwich
structures. Evaluating the impact response of BFRP/AHS panels is therefore
essential to understand their mechanical performance and structural integrity.
The LVI test results are presented in Figure 58 and Figure 59, showing the force-
displacement curves for BFRP/AHS d3 and d6 panels, respectively.

The trend is similar to that observed in Section 4.2.2, but with higher peak loads
due to the dynamic effects of impact. The curves exhibit the typical behaviour of
sandwich panels under concentrated impact: an initial linear region, followed by
a first peak corresponding to the contact with the top skin. After this peak, a load
drop occurs, followed by a second peak associated with the contact of the indenter

with the bottom skin, prior to its perforation.

25000
BFRP/AHS_d3_1_180J
——BFRP/AHS_d3_5 200J
BFRP/AHS d3_6 230J
20000 ——BFRP/AHS d3 7 230J clamp
__ 15000
=
V]
b
]
L
10000
5000
0

0 5 10 15 20 25 30
Displacement [mm)]

Figure 58: LVI force-displacement curves for BFRP/AHS d3
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Figure 59: LVI force-displacement curves for BFRP/AHS d6

Impact test results for BFRP/AHS panels are summarized in Table 18, including
peak force, maximum displacement, total absorbed energy (TEA), and specific
absorbed energy (SEA) normalized by panel density. Both maximum load and
energy absorption are higher for the BFRP/AHS d6 panels. Additionally, the table
presents a summary of the observed failure modes: top face perforation (TFP),
bottom face perforation (BFP), and total penetration (TP). These data provide a
basis for comparing the mechanical response and energy absorption behaviour of
the hybrid panels under low-velocity impact.

Considering the impact response at comparable damage levels, the combined top
and bottom face perforation (TFP + BFP) occurs at 200 J for the BFRP/AHS d3
specimens, whereas for the BFRP/AHS d6 specimens the same damage condition
is reached at 250 J, i.e., 50 J higher. Examining the corresponding peak forces, the
3 mm panels reach about 13 kN, while the 6 mm panels reach 21 kN under the
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same damage state. In terms of specific absorbed energy (SEA) normalized by
panel density, the 3 mm panels exhibit 0.24 Jm®/kg, whereas the 6 mm panels
reach 0.32 Jm3/kg, further highlighting the superior energy absorption efficiency

of the larger cell configuration.

Table 18: LVI results for BERP/AHS.

Specimen Eest Fmax TEA SEA, Damage
n° 91 [kN] [J] [Im’kg] TFP BFP TP
1 180 11.8 179 0.22 X - -
BFRP/AHS 5 200 12.5 200 0.24 X X -
d3 6 230 13.5 230 0.26 X X X
7 (clamp) 230 12.1 226 0.26 X X X
1 200 18 198 0.26 X - -
BFRP/AHS 3 230 19.6 227 0.29 X - -
dé 4 250 214 248 0.32 X X -
5(clamp) 250 174 250 0.32 X X -

The stiffness of the BFRP/AHS panels under low-velocity impact was evaluated
using Eq. (45). The resulting values are reported in Table 19.

Table 19: Stiffness (K) of BFRP/AHS panels, calculated from the initial linear part of the force-
displacement curves obtained in LVI tests.

K [N/mm]
BFRP/AHS d3 1401
BFRP/AHS dé6 926

The stiffness of the BFRP/AHS panels measured during low-velocity impact is
higher than that observed in QS tests, reflecting the strain-rate sensitivity of the
fibres and the polymer matrix, which respond more rigidly under rapid

deformation.
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4.2.4 Failure mode evaluation

To investigate the failure mechanisms of the BFRP/AHS hybrid panels under QS
loading, Figure 60 shows a BFRP/AHS d3 specimen (a) and a BFRP/AHS d6

specimen (b) after testing. Visual inspection highlights both common and distinct

failure features between the two configurations.

(a)

(b)

Side 1 Side 2

Figure 60: Visual inspection of failed BFRP/AHS panels after QS perforation: (a) BFRP/AHS d3
specimen, (b) BFRP/AHS d6 specimen.

Both panels exhibit indentation, local debonding between the BFRP skins and the
aluminium skins, and the typical cross-shaped fibre breakage characteristic of
0°/90° laminate composites.

The BFRP/AHS d3 specimen shows a localized response, with failure
concentrated around the indentation area. In contrast, the BFRP/AHS d6 panels
exhibits a wider spread of damage, with folding and large deflection of the skins
and core extending towards the panel edges. These differences highlight the
influence of cell size on load redistribution and failure progression under impact

loading.

118



Figure 61 and Figure 62 show BFRP/AHS panels tested under low-velocity

impact.

LVI - 180J
TFP

e o s

(a)

LVI - 2004
TFP + BFP

LvI—-230J
TP

Figure 61: Low-velocity impact BERP/AHS d3 specimens at different impact energies: (a) 180 J —
TFP; (b) 200 J— TFP + BFP; (c) 230 J— TP.

For the BFRP/AHS d3 panels (Figure 61), three representative cases are shown:
at 180 J the specimens exhibit top face perforation (Figure 61(a)), at 200 J both
TFP and bottom face perforation are observed (Figure 61(b)), while at 230 J total
penetration (Figure 61(c)) occurs. The main damage mechanisms include

indentation of the impacted area, fibre fracture, and skins debonding.
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For the BFRP/AHS d6 panels (Figure 62), two representative cases are presented:
at 200 J only TFP is observed, with visible damage on the bottom skin but without
perforation, while at 250 J both TFP and BFP occur. Compared to the 3 mm
configuration, the 6 mm panels exhibit a wider damaged area, with the damage

extending towards the panel edges rather than being confined to the impact zone.

LVI - 200J
TFP
o\ o
LVI - 250J
TFP + BFP

| Ly -W20

(b)

Figure 62: LVI BFRP/AHS d6 specimens at different impact energies: (a) 200 J - TFP; (b) 250 J —
TFP + BFP

Following the visual inspection of the specimens, non-destructive tests were
performed. For the BFRP/AHS d3 panels, flash thermography was conducted with
the following parameters:

e Sub-windowing: 544 x 512 pixels

e Frame rate: 150 Hz
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e Lens: MW 28 mm 2.0 HD
e Integration time: 479 ms
e Filter: Windows Average (Kernel 3 x 3 pixels)
e Display mode: Digital Detail Enhancement (FLIR)
The analysis was carried out on the specimen tested at 180 J, where top face

perforation occurred. The resulting thermogram is shown in Figure 63.

. .
——
=X

- 0

Figure 63: Flash thermography of BFRP/AHS d3 panel impacted at 180 J (TFP)
Damaged areas correspond to the failure of basalt skin, appearing as regions of
higher apparent temperature (darker areas). Flash thermography provides only a
superficial view of the damage; to investigate internal failure, digital radiography
was employed.

The radiographic inspection was performed at 50 kV voltage and 0.4 mA current.
Two BFRP/AHS d3 specimens were analysed: one tested at 180 J (TFP, Figure
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64(a)) and one at 230 J (TP, Figure 64(b)). In both cases, buckling of the

honeycomb core cells was observed.

(b)

Figure 64: X-ray images of BFRP/AHS d3 panels; (a) specimen impacted at 180 J (TFP), (b)
specimen impacted at 230 J (TP)

For the BFRP/AHS d6 panels, radiographic inspections were performed on
specimens exhibiting TFP at 200 J (Figure 65(a)) and combined TFP + BFP at
250 J (Figure 65(b)). In both cases, buckling of the honeycomb core cells was

clearly observed.
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(b)

Figure 65: X-ray images of BFRP/AHS d6 panels; (a) specimen impacted at 200 J (TFP), (b)
specimen impacted at 250 J (TFP + BFP)
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5. Mono-material sandwich structures
produced by innovative additive

manufacturing process

Despite the growing interest in sustainable polymers, polylactic acid has emerged
as one of the most promising materials for additive manufacturing, owing to its
biodegradability, renewable origin, and ease of processing. In recent years, its use
has extended beyond conventional 3D printing towards lightweight structural
applications, where performance can be enhanced by reinforcing PLA with
chopped carbon fibres [188].

However, current research still lacks systematic investigations on fully mono-
material sandwich structures, in which both skins and core are made of the same
polymer. Most studies to date have focused either on traditional polymeric foams
or lattice cores fabricated via additive manufacturing [151]. These approaches,
while effective, often rely on multi-material systems or non-foam-based
architectures, leaving open important questions regarding how local density
gradients and foam morphology influence the mechanical response of PLA
sandwich structures.

Foam Additive Manufacturing represents a recent technological advancement that
addresses these limitations. FAM enables the direct foaming of polymer filaments
during the printing process, by incorporating a physical blowing agent into the
filament. This allows the fabrication of fully mono-material sandwich systems,
maintaining the chemical integrity and recyclability of PLA, while providing
precise control over the internal density distribution. By tuning the printing
parameters, mechanical properties can be locally tailored, optimizing bending

strength, energy absorption, and impact resistance.
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This chapter investigates these aspects by fabricating and characterizing PLA
mono-material sandwich specimens produced via FAM. Different core density
gradients were implemented and tested under three-point bending and low-
velocity impact loading. The results are compared with PLA specimens containing
traditional honeycomb infill, to assess the influence of core morphology and
process parameters on mechanical performance and failure mechanisms. The
study ultimately aims to demonstrate the potential of FAM for producing
sustainable, high-performance structures suitable for lightweight engineering and

eco-friendly packaging applications.
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5.1 Materials and methods

This chapter describes the materials and experimental methods adopted to
manufacture and characterize PLA sandwich specimens by means of Foam
Additive Manufacturing. Particular attention was devoted to ensuring the
reproducibility of the process and the comparability between foamed and bulk
specimens, to allow a systematic investigation of how different core morphologies

affect mechanical performance.

Cold end Hotend

Foamed Polymer

Speed of extrusion [mm/min] Polymer with PBA

Nozzle Diameter [mm]

Temperature of extrusion [°C]

Figure 66: Extrusion process outline [189].

The FAM process consists of three main phases: solubilization, desorption, and
extrusion. During the solubilization phase, the polymeric filament is placed in a
pressure vessel where carbon dioxide (CO:) is introduced as physical blowing
agent. The absorption pressure (P,), absorption temperature (T,), and absorption
time (t.) are carefully controlled to allow CO: to solubilize within the polymer
matrix, forming a homogeneous polymer-PBA solution. Subsequently, in the
desorption phase, the saturated filament is stored at ambient pressure and
temperature for a given time (tq), allowing controlled release of part of the
absorbed gas before printing. Finally, during extrusion, the polymer experiences
arapid pressure drop, and a temperature rise as it passes through the heated nozzle,
leading to bubble nucleation and polymer foaming. In this stage, extrusion

temperature (Te), extrusion speed (Se), and nozzle diameter (Ng) play a crucial role
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in determining the final foam morphology. A schematic illustration of the process
is reported in Figure 66.

The specific PLA used, grade 710 M, was obtained as microbeads from Bewi
Synbra, which allows precise control over the thermal history and the rheology of
the filament. The filaments were produced by a 3D printing filament manufacturer
Eumaker, Italy, while CO: was used as blowing agent.

All the specimens were manufactured in a single, fully automated 3D printing
process. The fabrication was carried out with a custom-made filament 3D printer,
named Step 2.1, equipped with a commercial E3D Vulcano hot end with a 0.6 mm
nozzle. The solubilization parameters were kept constant across all specimens to
minimize variations in the thermal history of the polymer. Specifically:

e P,=40 bar.

e t,=48h.
e t;=6t024h.
e T.=180°C.

Table 20: Printing parameters (ND* = Not defined) [168].

NN Lw Ln Fr Infill S
Py Ty ) %) %) (mm)
F1 100 498.9 1 1 20 100 ND*
F2 60 383.2 0.8 0.8 40 100 ND*
F3 40 215.5 0.6 0.6 60 100 ND*
B10 100 299.3 0.6 0.2 100 10 15
B40 100 299.3 0.6 0.2 100 40 3.3
B60 100 299.3 0.6 0.2 100 60 1.5
B100 100 299.3 0.6 0.2 100 100 ND*

Table 20 presents the key printing parameters utilized for fabricating the different

zones of the specimen. These parameters were set in a slicing software called
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Simplify 3D to generate the G-CODE file, which corresponds to the machine

commands for each specimen. Specifically:

Sn = Refers to the Nozzle Speed, set as the constant speed of the hot end
in space. Despite high acceleration settings a = 4000 mm/s?, accelerations
are mostly negligible, ensuring a nearly constant speed throughout the
process.

L, =Refers to the imposed layer width, which needs to be a multiple of
the desired total width of the specimen.

Ly = Refers to the imposed layer height, required to be a multiple of the
desired total height of the specimen [190].

F: = Refers to the Flowrate Multiplier, a coefficient used to adjust the
calculated flowrate to account for die swell [191].

t, = Refers to the total thickness of the same density zone.

Infill = Refers to the internal geometry of the printed part, expressed in
terms of percentage and shape.

S = Refers to the dimensional measure of the honeycomb cell in the infill
of the BULK specimen.

S. = Refers to the imposed extrusion speed, defined as the filament speed
in millimetres per minute. This speed is calculated differently from the
printing speed, as it is determined by the need to deposit the total volume
of the strand, considering L, and Ly. It can be computed using Eq. (46),
under the assumptions of incompressibility of the polymer melt and

conservation of mass.

o _lwlnSy o F
e D\’ 100 (46)
w(3)

The rigid top and bottom plies of all the specimens were produced using the same

parameters as the B100 reference specimen, with detailed printing parameters
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provided in Table 20.

Medium
Density
Py =049 b=’

dg =153 mm

Figure 67: SEM pictures of the section of the sandwich structures with a zoom of cross section of a
strand realized with the same parameter of the foam. Figure adapted from [189].

All specimens were designed with nominal dimensions of 180 x 30 x 20 mm for
bending tests, and 60 x 60 x 20 mm for LVI tests. The ratio between height and
thickness of the specimens was chosen to characterize the properties of the core
and enable the design of an improved core lamination. The study involved

evaluating eight different sample types: four featuring a foamed PLA core,
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designated as F1, F2, F3, and GRAD, and four constructed with a conventional
honeycomb infill core made of non-foamed Bulk PLA, labelled as B10, B40, B60,
B100.
The four images located at the bottom of Figure 67 shows the external faces of the
specimens from the F and GRAD series. The lamination sequence consists of 1
mm top and bottom layers and foamed cores of varying densities.
At the top of Figure 67, four SEM images showcase the cross sections of the
strands that compose the specimens. These strands are fabricated using the same
parameters as the infill of the specimen. All foamed wires produced have a closed
cell distribution. Specifically, the Bulk strand is highlighted in blue, the High-
density foam strand in grey, the Medium-density foam strand in yellow, and the
Low-density foam strand in green.
The lamination sequence for each foamed specimen (F and GRAD series) in the
Z direction includes:
e Bottom plies made of 1 mm thickness non-foamed Bulk PLA to create
the rigid skin, in light blue for all the specimens.
e Core made of 18 mm thickness with a 100% linear foamed as shown in
Table 20 and have the following features:
o F1 core with a Low-density foam.
o F2 core with a Medium-density foam.
o F3 core with a High-density foam.
o GRAD specimen with a symmetric lamination sequence that
involves all three types of density foam. The lamination sequence
is explicated in Table 21.
e Top plies made of 1 mm thickness non-foamed bulk PLA to create the

rigid skin, in blue for all the specimens.
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Table 21: Lamination sequence and printing parameters of the gradient specimen [189].

Type Layer S~ Se Lw Ln Fr t
(mm/s) (mm/min) (mm) (mm) (%) (mm)
Bulk 0to5 100 2993 0.6 02 100 1
High Density 6to 11 40 2155 0.6 0.6 60 3
Medium Density 12 to 17 60 383.2 0.8 0.8 40 4
Low Density 18 to 22 100 498.9 1 1 20 4
Medium Density 23 to 28 60 383.2 0.8 0.8 40 4
High Density 29 to 34 40 215.5 0.6 0.6 60 3
Bulk 35t0 40 100 299.3 0.6 02 100 1

The B series specimens, as shown in Figure 68, are constructed using bulk

polymer, with a honeycomb infill designed to achieve densities like their

(b)

counterparts in the F series.

b

Figure 68: Overview of bulk specimens showcasing the variation in honeycomb infill patterns. (a)
Three-point bending bulk specimens [189]; (b) low-velocity impact bulk specimens [168].

(@

It was determined that the three foam densities provide total weight for the
specimens like those made with 10%, 40%, and 60% honeycomb infill. The
lamination sequence for each non-foamed specimen (B series) in the Z direction

includes:
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e Bottom plies made of 1 mm thickness non-foamed Bulk PLA to create
the rigid skin.
e Core made of 18 mm thickness with different percentage of honeycomb
infill, as shown in Table 20.
e Top plies 1 mm of non-foamed Bulk PLA for the rigid skin.
To test the properties of selected PLA, a 100% linearly filled bulk sample,
designed B100, was produced.
Table 22 summarizes the measured mass and densities of all specimens. As
intended, it is observed that the densities of specimens B10 and F1, B40 and F2,
B60 and F3 are very similar, respectively. The data reported include both the
specimens manufactured for bending tests (180 x 30 x 20 mm) and those
specifically designed for the LVI tests (60 x 60 x 20 mm).

Table 22: Mass and density values of specimens for bending and impact test campaigns [168],
[189].

Three-point bending Low-velocity impact
specimens specimens

Type Mavg (g) Pavg (kg/m?) Mavg (2) Pavg (kg/m?)

F1 35.97 333.02+4.61 23.66 328.65 +7.63
F2 60.8 562.92 + 6.50 40.34 561.60 =4.09
F3 84.92 786.30 +12.48 56.96 791.11 £14.97
GRAD 61.8 572.22 £7.53 41.86 581.34 +4.88
B10 38.52 356.66 +7.49 24.83 344.90 £16.79
B40 62.71 580.63 £9.47 42.23 586.49 +11.89
B60 85.55 792.09+11.95 57.11 793.19 +7.82
B100 131.52 1271.81 £ 17.70 90.54 1257.53 £2.60

Mechanical characterization was performed through three-point bending tests
using the ITALSIGMA servo-hydraulic testing machine, calibrated according to
ISO 7500-1 (class 1) and described in Section 3.1. Tests were conducted in
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displacement control at speeds of 1 and 2 mm/min to assess the influence of strain
rate on the mechanical response of foamed cores. The support span was set to 120
mm, with an initial preload of approximately 80 N. For each specimen type (F1,
F2, F3, GRAD, B10, B40, B60, B100), at least three samples were tested to ensure
repeatability.

The absorbed energy (E) was calculated using the same formulation as in Eq. (41),
with the upper integration limit set to the displacement corresponding to the first
failure mechanism (Saiture).

The bending tests were monitored using an infrared camera (Flir Systems SC640)
with a resolution of 640 x 480 pixels and a thermal sensitivity of 30 mK at 30 °C.
The camera is equipped with an uncooled Focal Plane Array (FPA)
microbolometer sensor, and the acquisition frame rate was set to 30 fps.
Thermograms were post-processed using FLIR ResearchlR Max software,
applying a 3x3 window average filter to reduce noise. Additionally, the Digital
Detail Enhancement (DDE) non-linear image processing algorithm was employed
to enhance thermal contrast. The 1234 palette was selected as the most suitable
for the analyses conducted in this study. Due to the inherently high emissivity of
PLA, no surface treatment or painting of the specimens was required [192]. The
camera was positioned on a tripod approximately 0.4 m from the specimens,
resulting in an instantaneous field of view (IFOV) of 0.2 mm, calculated for the
38 mm focal length lens. The measurement accuracy of the infrared system is
+2 °C or £2 % of the reading.

LVI tests were conducted according to ISO 6603-2 using a CEAST Fractovis Plus
impact testing machine (Figure 23, Section 3.1). The indenter used for the LVI
test campaign is the H20 hemispherical tup (as per “ISO 6630”) (Figure 38,
Section 4.1.1). The tests were conducted using an impact mass, kept constant, of

6.5 kg.
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5.2 Three-point bending results

In the present section, the results obtained from the three-point bending tests are
presented and discussed. Particular attention is devoted to the comparison between
foamed and honeycomb specimens, as well as to the effect of density and loading
rate on the mechanical response. The analysis includes the evaluation of force-
displacement curves, absorbed energy, and failure mechanisms, which were
investigated through thermographic monitoring and microscopic observations. A

summary of the experimental data is reported in Table 23.

Table 23: Three point bending tests results [189]. Fr = First failure mechanism load; or =
Displacement at first failure mechanism load.

T Test speed Fr of E E/mass E/p
ype
(mm/min) ™) (mm) @)} J/kg) (J-m3/kg)

- 2 607 11.66 52 143.85 0.0156

1 604 12.5 5.21 141.65 0.0156
- 2 1427 5.16 4.71 78.08 0.0084

1 1610 8.08 9.69 157.61 0.0172
- 2 1372 1.98 1.49 17.36 0.0019

1 1118 2.08 1.31 15.74 0.0017

2 967 3.26 2 32.49 0.0035
GRAD

1 1106 3.36 2.18 34.25 0.0038
B10 2 1441 3.63 3.04 78.27 0.0085

1 1192 2.88 1.98 49.71 0.0056

2 1981 3.75 3.7 59.15 0.0064
B40

1 1154 2.09 1.15 18.45 0.0020

2 2654 4.5 7 81.25 0.0088
B60

1 2617 3.92 543 62.69 0.0069

2 4918 3.56 8.33 63.89 0.0065
B100

1 5822 4.61 13.58 102.11 0.0107
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By comparing the two families of specimens with the same density, the highest
load values were recorded for the Bulk specimens, whereas the foamed specimens
exhibited higher deflection and, for the F1 and F2 families, greater absorbed
energy. The experimental data highlight the relationship between strain rate and
failure mechanisms. For the F1 specimens, the indentation mechanism was found
to be independent of the loading rate. For the F2 specimens the debonding failure
mode at a faster rate requires twice as much energy. In F3 specimens, the core
shear doesn’t depend on the speed rate although requires low energy values.
Finally, in the GRAD specimens, debonding occurred independently of the
loading rate due to the variable porosity. The trends of the force-displacement
curves are reported in Figure 69 and Figure 70.

To further investigate the failure mechanisms, thermographic images in Figures
71 and 72 were analysed qualitatively. Blue corresponds to the coldest regions,
while red indicates the warmest. The detailed behaviour of foamed specimens
varies according to core density. F1 specimens show an initial load increase
followed by stabilization, corresponding to the onset of indentation (Figure 71, F1
b). The indentation is followed by core densification and the initiation of a crack
in the bottom skin, which then propagates into the core (Figure 73, F1 a). F2
specimens exhibited the same collapse mode (detail of the crack formation in
bottom skin in Figure 71, F2 c and in Figure 73, c¢), but in this case, it was possible
to notice debonding between the upper skin and the core (Figure 71, F2 b). The
microscopic investigation highlights the debonding failure between the upper skin
and the core. It is also possible to observe how a portion of the core remained
bonded to the skin (Figure 73, b).

In F3 specimens, indentation is followed by delamination of the core layers (core
shear), as highlighted by colder regions in the thermogram (Figure 71, F3 b).
The microscopies highlight a delamination failure detail and a case in which there

is also an intralayer crack in the core (Figure 73, e). In the GRAD specimens, the
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core layers debonding was highlighted by thermography and microscopy
investigation (Figure 71, GRAD b and Figure 73, f).

In contrast, the honeycomb specimens (B10, B40, B60) and the solid sample
(B100), show brittle behaviour. The thermographic investigation reveals that the
B10 at 2 mm/min specimens exhibit a failure mode characterized by face
wrinkling (Figure 71, B10 b), followed by core failure (Figure 71, B10 c).
Conversely, in the B40, B60, and B100 specimens, distinguished by variations in
apparent temperature, it is evident that the failure mechanism is related to the
initiation of a crack in the bottom section and its subsequent propagation, which
leads to the specimens’ structural failure (Figure 71, B40 b, B60 b, B100 b).

The failure mode analysis of the specimens tested at | mm/min is shown in Figure
72. Notably, the test velocity has not a significant effect on failure mechanisms,
since all tested specimens appeared to be very similar if subjected to visual and

thermographic inspection.
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Figure 69: 2 mm/min Load-Displacement curves and failure modes for foam (a) and bulk (b)
specimens [189].
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Figure 70: 1 mm/min Load-Displacement curves and failure modes for foam (a) and bulk (b)
specimens [189].
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Figure 71: Failure modes analysis at 2mm/min by thermography and visual inspection [189].
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Figure 72: Failure modes analysis at Imm/min by thermography and visual inspection [189].
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(b) F2—Upper skin debonding (c) F2—Face yielding and core
tensile failure
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Figure 73: Microscope images of the failure mechanism of the foam specimen [189].
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Gibson and Ashby [35] proposed an analytical model to evaluate the flexural and
shear stresses in sandwich structures. In particular, the flexural stress ¢ can be

calculated by Eq. (47), while the shear stress t is reported in Eq. (48):
F-l
“4-b-t-c
F
~2b-c
where F represents the applied load in the three-point bending test, 1 is the span

o (47)

(48)

T

distance, b denotes the specimen width, t refers to the skin thickness and ¢
indicates the core thickness. The flexural stresses associated with the different
failure mechanisms are summarized in Table 24 and Table 25, while the maximum
flexural strength values omax, related to the applied flexural moment M, are
reported in Table 26. Once the maximum flexural strengths were evaluated, it was
possible to calculate the relative flexural strength through the ratio with the

maximum stress obtained for the non-foamed 100% infill specimen (B100).

Table 24: Failure data of 2 mmv/min specimens [189].

Specimen Failure mechanism Gaiure (N/mm?)
F1 Face yielding 32.95
Debonding 78.63
F2
Face yielding 67.48
Core shear 75.96
F3
Interlayer debonding 75.68
GRAD Debonding 52.75
Face wrinkling 79.90
B10
Core crushing 32.86
B40 Face yielding 108.77
B60 Face yielding 143.89
B100 Face yielding 268.16
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Table 25: Failure data of 1 mm/min specimens [189].

Specimen Failure mechanism Gfailure (N/mm?)
F1 Face yielding 32.40
F2 Debonding and face yielding 84.56
F3 Interlayer debonding 62.13
GRAD Debonding 57.06
Debonding 67.71
B10
Core crushing 37.25
B40 Face yielding 60.91
B60 Face yielding 142.76
B100 Face yielding 320.55
Table 26. Bending stiffness and maximum bending strength [189].
D Test speed Gmax Tmax
Specimen
(N-mm?) (mm/min) (N/mm?) (N/mm?)
- 2.82-10° 2 33.72 5.62-10*
1 33.54 5.59-10*
- 5.04-10° 2 79.27 1.32:103
1 89.46 1.49-103
- 1.70-107 2 76.23 7.20-10*
1 67.66 1.13-10°3
- 2 53.70 8.95-10*
GRAD
1 61.45 1.02:10°
- 2 80.04 8.15-10*
B10
1 66.21 1.10-10°
- 2 110.04 1.86:107
B40
1 64.08 8.10-10*
- 2 147.43 2.46-107
B60
1 145.39 2.45-107

143



4.54-107 2 273.24 4.55-103
1 323.45 5.39-10°

B100

The relative density (pr1) was calculated as the ratio between the specimens’
density and the density of a fully (non-foamed) filled specimen (ppLa = 1.26
g/em?). Relative strength was plotted against relative density to apply the Gibson-
Ashby model, as shown in Figure 74.
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Figure 74: Relative flexural strength vs. relative density [189].

The results allow the prediction of the mechanical strength of the proposed
sandwich structures under three points bending load, with a good fitting. The
stiffness (D) is calculated from the equivalent flexural rigidity of the beam by
using the well-known relationship (2). It is important to note that for the non-
foamed specimen (B100), the flexural rigidity was evaluated using the Euler-

Bernoulli beam theory [193]. The stiffness values are reported in Table 26
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Figure 75: Maximum bending strength and maximum shear strength comparison [189].
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The effect of the testing velocity is summarized in Figure 75, which shows that
no significant influence can be detected either on flexural or shear strength. A
different trend was observed only for the B40 specimens, which exhibited higher
strength at 2 mm/min. This behaviour can be explained by the location of the crack
initiation point under tensile load, which in that case was not centred along the
specimen (see Figure 71, B40b). In general, the Bulk specimens showed an
increasing trend of flexural strength with density, whereas within the foamed core
specimens, the F2 family exhibited superior mechanical performance compared

to both graded and other foam densities.
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5.3 Low-velocity impact results

In this section, the results of the LVI tests performed on both foamed, graded and
bulk specimens are presented and discussed. The objective was to evaluate the
impact response of the different sandwich configurations and to compare their

mechanical behaviour under increasing impact energy levels.

Figure 76: Foam and bulk specimens after impact test [168].

Figure 76 reports the front and rear sides of the impacted specimens at 30 J,
showing the interaction between the impactor and the samples. The impact

damage is concentrated under the contact point between the specimen and the
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impactor for the foam and grad samples, while a more brittle behaviour is
observed for the bulk specimens, which collapsed by breaking into four parts.
When the impact energy exceeded 25 J, all specimen typologies showed a
perforation of both the faces and the core.

Figure 77 shows the load-displacement curves of all tested specimens impacted at
different energy levels until complete penetration, offering a detailed description
of the mechanical response. Across all examined specimen groups, a characteristic
force-displacement trend is noticeable, characterized by an initial phase where the
load increases linearly with displacement, followed by a peak load attributed to
the contact between the tup and the top skin, and finally, a subsequent decrease in
load. The specimen typology strongly influences both the impact force and the
duration of the impact event.

Figure 78 shows the force-displacement curves of bulk samples for different
impact energies for all fill densities. In this case, for all tested samples, the
maximum peak load increases as the impact energy increases. For specimens with
lower density, the curves are characterized by high level of curve noise due to the
failure of the core cell walls. These oscillations decrease as the density increases,
showing a smoother curve. Also, the maximum load increases with the bulk
density. However, the displacement in correspondence of the load peak decreases
since the higher density of the specimen also visible in the mode breakage in

Figure 76.
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Figure 77: Foam force-displacement curves. (a) F1; (b) F2; (c) F3; (d) GRAD [168].
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Figure 78: Bulk force-displacement curves. (a) B10; (b) B40; (c) B60; (d) B100 [168].
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Comparing the foam and grad structures (Figure 77 and Figure 88) it is possible
to notice an increase in the maximum load of the foam structures going from
specimen F1 to F3, indicating an increasing rigidity upon the impact of the
material also indicated by the greater slope of the linear section of the curve.

The first maximum load of approximately 2000 N is reached for the F1 specimen,
while higher values are recorded for F2 and F3, justified by their greater density.
For all foamed structures, complete penetration occurred between 25 J and 30 J
(as reported in bold in Table 27).

It is important to underline that the first maximum load corresponds to the failure
of the upper skin and appears to be independent of the impact energy. About the
F3 samples for all impacted energies, a first change in the linear pendency can be
observed at about 1 ms due to the upper skin failure, while several important drops
of loads were recorded due to the interaction of the impactor with the core of the
sample.

The velocity-time plot provides relevant insights into the material’s ability to
decelerate and stop the impacting mass, as shown in Figure 79 for the foam
specimens. For example, at 25 J the F1 specimen undergoes total perforation and
is unable to stop the mass: the velocity decreases but never reaches zero. The same
trend is observed at higher energies for the other specimen types. However, for
energy values less than the penetration ones, the F1 samples slow down the mass
in a range of time greater than the other structures since the more important
damage recorded.

Figure 80 shows the velocity-time curves of bulk specimens. For low values of
impact energy each specimen can stop the mass, and the deceleration is faster the

higher the density of the specimen.
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Figure 79: Foam velocity-time curves. (a) F1; (b) F2; (c) F3; (d) GRAD [168].
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Figure 80: Bulk velocity-time curves. (a) B10; (b) B40; (c) B60; (d) B100 [168].
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Table 27 summarizes the main results of the impact tests, including the applied
impact energy (Eis), maximum force (Fmax), displacement at maximum force
(Ormax), total energy absorbed (TEA), and specific energy absorption relative to
mass (SEAn) and density (SEA,). Results highlight that the best performance in
terms of specific energy absorbed was achieved by the bulk specimen B40. For
foamed specimens, the highest SEA, was observed in the F1 specimen tested at
251.

When comparing foamed and bulk specimens of the same density, it emerges that
at low densities (F1 vs. B10) similar maximum load values are reached, but the
displacement at maximum force is larger for foamed specimens. Moreover, higher
perforation energies are recorded for F1. At medium densities (F2, GRAD, and
B40), bulk specimens show higher perforation energy and maximum load values,
though with lower displacement values. At high densities (F3 and B60), the same
perforation energy and similar values of displacement relative to the maximum
force are recorded, but higher peak maximum force for bulk specimens.

The failure modes of the specimens after the impact tests were analysed by high-
resolution optical microscopy. Figure 81 reports the optical images and scanning
electron micrographs of the foamed specimens. The morphology of the foam core
was observed before and after the tests, allowing a direct correlation with the load-

displacement curves.
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Table 27: Low-velocity impact test results [168].

Type Test Eest  Fmax  Ormax  TEA SEAm SEA,
n° [J] [kN] [mm] [J] [J/kg] [J m*/kg]
F1 3 15 189 947 1243 52631 0.04
2 20 212 933 1867  763.63 0.05
4 25 179 821 1957 83858 0.06
F2 6 20 489 736 1576 38547 0.03
3 25 433 706 2088  519.28 0.04
4 30 457 799 2822 702.60 0.05
F3 2 20 657 438 1494  256.70 0.02
3 25 597 583 2098  373.38 0.03
1 30 351 3.61 2537  449.01 0.03
GRAD 2 20 344 728 1575  378.96 0.03
3 25 410 894 2185  517.33 0.04
1 30 328  7.08 2598  621.80 0.04
B10 4 7 1.80 412 4.88 198.71 0.01
5 9 200 489  7.40 308.24 0.02
8 11 144 340 957 379.32 0.03
B40 1 30 884 533 2545  599.89 0.04
4 40 939 7.9 3553  849.80 0.06
3 50 989 698  47.11  1087.15 0.08
B60 2 20 1090  3.17 1381 24461 0.02
3 25 1196 348 1845  321.07 0.02
1 30 1194 327 2280  397.33 0.03
B100 1 30 2563 229 1618  178.83 0.01
2 60 3772 288 3544 39232 0.03
6 75 2287 177 2692 29533 0.02
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Core detail
before test

Specimen cross
section after test

Core detail
after test

Figure 81: Optical and scanning electron microscopies of the section of the foam sandwich
structures after LVI [168].

F1 specimens showed a clear foam cell collapse, which represents the main
energy absorption mechanism. The same behaviour was observed in F2
specimens, whose higher density gives a lower size of the pores. The global failure
of F1 and F2 specimens is dominated by upper skin indentation, core
densification, and out-of-plane displacement of the bottom skin. Intralaminar
cracks in the core exhibited the typical pine-tree pattern of thick laminates [194].
The ability to give out of plane displacements generally characterizes a structure
prone to energy adsorption [195].

F3 specimens experienced a different failure mode, where both displacement and
indentation were very limited. Due to the higher stiffness of the specimen, the
inability to bend caused the breakage of the layers bonding. Moreover, at higher
optical magnitude, the failure mechanism of the core highlights that the
densification didn’t occur as in the F1 and F2 typologies. The progressive
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interlayer bonding failure is also visible in the force-displacement curve, where

several load drops were recorded during the impact tests.

Figure 82: Visual inspection and microscopic images of bulk specimens’ section after LVI [168].

For the bulk series, Figure 82 shows that B10 specimens failed mainly through
fracture of the honeycomb cell walls. The corresponding micrograph (B10a)
highlights the delamination of the layers. In contrast, for the specimens B40a,
B60a, and B100a, the reduced cell size inhibits delamination. Instead, horizontal
crack propagation was observed, indicating a different failure mechanism

compared to lower-density specimens.
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Figure 83: Force-displacement curves linear part for each foam specimen. The shaded error bars
indicate the standard deviation calculated on each repetition [168].

By analysing the force-displacement curves, the average value of the slope in the
linear region was extracted. Figure 83 illustrates how the greater stiffness of the
material is found in the F3 family specimens, followed by the F2 and GRAD
families, where the value of the angular coefficient is quite similar. Finally, in the
F1 family specimens, this value is low due to the lower density. The stiffness

values are summarized in Table 28.

Table 28: Stiffness values for the foamed specimens [168].

K [N/mm]
F1 335
F2 605
F3 1550
GRAD 816
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Table 29 shows the peak accelerations of the specimens at the impact energy
causing total perforation. The results confirm that the tested specimens can be
used as cushioning materials to reduce impact damage, for instance in agricultural
harvesting [196]. Considering peak accelerations, peak loads, impact duration
(i.e., the time over which energy transfer occurs), and deformation capacity under

load, F2 specimens demonstrated the most balanced mechanical behaviour [197].

Table 29: Peak acceleration value for each specimen type [168].

a [m/s?
F1 288
F2 589
F3 811
GRAD 557
B10 272
B40 128
B60 163
B100 513

An additional relevant property is illustrated in Figure 84, which reports the
specific absorbed energy normalised by density. Considering the overall results
from impact tests and failure modes, F2 specimens achieved a SEA, value
comparable to other sandwich structures reported in [44]. Although this value is
lower than that of multilayer trapezoidal corrugated and honeycomb aluminium

sandwiches, it is like that of plywood-core structures with GFR or CFR skins.
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Figure 84: Specific energy absorbed comparison [168].

Figure 85 shows the trend of loads (solid curves) and energies (dashed curves) as
a function of displacement, at energy levels close to specimen failure. In foamed
specimens (Figure 85(a)), the initial slope change of the energy-displacement
curve corresponds to the failure of the upper skin (around 1 mm displacement),
followed by multiple variations due to the interaction between the impactor and
the core. A similar behaviour was observed in bulk specimens B10, B40, and B60,
where the initial slope change corresponds to upper skin failure and subsequent
changes to core failure (Figure 85(b)). In contrast, the B100 sample showed an
initial slope change followed by a linear trend.

Figure 86 shows the force-displacement curves of the impact tests at the energy
that causes the total perforation of the specimens. It can be observed that for
foamed specimens F1 and GRAD, the striker is able to fully penetrate the

specimens. For specimens F2 and F3 the striker only reaches
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Figure 87: Failure map comparison in Energy-Density plane for the different type of specimen.

A failure mode map is shown in Figure 87, which allows the different mechanisms
to be analysed as a function of density and impact energy. Diamond, circle, and
square markers indicate non-perforation (NP), top-face perforation (TFP), and
total perforation (TPF + TFP), respectively. For comparison, filled markers
correspond to bulk specimens and empty markers to foamed ones. In the low-
density region, the energy required for the total perforation of the foam F1
specimen is 127% higher than for bulk B10. In the medium-density region, foam
F2 and GRAD specimens required almost the same energy for upper skin and total

perforation, while the bulk B40 required 67% more. In the high-density region,
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both foam F3 and bulk B60 failed at the same perforation energy (30 J).
Importantly, bulk specimens showed a much more brittle behaviour compared to

foams, with a sudden transition from non-perforation to total perforation (as also

observed for B100).
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6. Discussion

This chapter discusses and interprets the results presented in the previous sections,
providing a comparative assessment of the energy absorption capabilities of
different sandwich configurations and a comprehensive understanding of their

mechanical behaviour under various loading conditions.

6.1 Dynamic scaling factor and energy absorption: AHS vs
composite sandwiches

The evaluation of the mechanical properties of aluminium honeycomb sandwich
specimens, carried out through QS perforation and LVI tests, together with the
analysis of the corresponding failure modes by visual inspection and digital
radiography, has highlighted the potential for replacing traditional composite-skin
sandwiches, which are more difficult to recycle at end of life. The numerical
results in terms of absorbed energy have also enabled the definition of a
coefficient capable of estimating the dynamic behaviour of the analysed structures
starting from simpler and more cost-effective static tests.

In this context, a specific analysis was conducted to compare the perforation
energies obtained from QS and LVI tests, with the aim of establishing a
quantitative relationship between the two loading conditions. This comparison
was motivated by the fact that QS perforation testing is simpler, requires less
specialised equipment, and provides results that are easier to interpret. To this end,
a Dynamic Scaling Factor (DSF) was introduced, defined as the ratio of LVI to

QS perforation energies:

_ TEALVI,perf

DSF = 49
TEAQS,erf ( )

The results of this analysis are summarised in Table 30.
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Table 30: Results of upper and lower face perforation, for both tup geometries (H10 hemispherical
and conical), in terms of TEA and DSF values

Hemispherical TEApers Conical TEA perf

QS LVvI(QJ) DSF QS () LVI(J) DSF
Upper face

AHS h11 21.8 22.1 1.01 28 28.9 1.03

GFRP PVC 5.5 8.1 1.47 6.9 8.7 1.26

AHS h32 19.7 20.6 1.05 26.9 30.5 1.13

GFRP balsa 14.1 17.7 1.26 11.9 22.9 1.92
Lower face

AHS h11 43 48 1.12 61 65 1.07

GFRP PVC 54 80 1.48 85 100 1.18

AHS h32 70 80 1.14 99 110 1.11

GFRP balsa 191 210 1.10 198 260 1.31

All DSF values are equal to or greater than unity, confirming that higher
perforation energies are required under dynamic loading compared to QS
conditions. For AHS structures, DSF values are between 1.0 and 1.15 in all cases,
showing that for this sandwich solution the energy absorbed in QS tests is close
to that from LVI tests and hence QS tests may be used to conservatively predict
LVI perforation energies with a DSF of 1.2, or less conservatively (but still within
the bounds of experimental variation) of 1.1. Except for the thicker AHS with
conical indentation at top face perforation, the differences between QS and LVI
are minimal, with a DSF close to 1.0. In general, the DSF of full perforation of
the AHS is approximately 1.1, indicating that the crushing of the honeycomb core
possibly adds some form of rate dependence to the damage mechanisms.

In all cases except for full perforation of the GFRP/balsa laminate with the H10
hemispherical tup, the DSF values of the composite sandwich laminates are
greater than those of their equivalent AHS, and in that case AHS and composite

laminates do not differ greatly. Hence, the composite failure modes appear to be
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more rate dependent than those of their relevant AHS counterparts. The known
viscoelastic behaviour of PVC foam will also contribute to this, and in fact
perforation of the upper face with the hemispherical tup involves significant
compression of the underlying PVC foam, resulting in higher GFRP/PVC
hemispherical DSF values compared to their GFRP/Balsa counterparts. However,
for the conical tup, where far more lateral compression occurs, the GFRP/Balsa
DSF values become even larger than their GFRP/PVC counterparts.

Table 30 shows that DSF values for composite sandwiches range from 1.1 (full
perforation of GFRP/balsa with H10 hemispherical tup) to 1.9 (upper face
perforation of GFRP/balsa with conical tup), reflecting more complex failure
modes and higher rate-dependent behaviour for composites than for AHS. DSF
values of 1.5 and 1.25 give conservative estimates of LVI tests from QS tests for
hemispherical and conical perforation, respectively, for both upper face and full
sandwich GFRP/PVC perforation. However, for the GFRP/Balsa laminates, only
trends are evident; there is more loading rate effect for the conical tup than for the
hemispherical one, and less loading rate effect for full sandwich perforation than
for that of the upper face only.

These DSF results provide a framework to correlate QS and LVI responses. To
extend the discussion, comparing the absorbed energies (both total and specific)
allows a more complete evaluation of the relative performance of the different
sandwich configurations.

The relative energy absorption abilities of each sandwich solution were compared
for both tup geometries (hemispherical and conical) and for upper face and full
sandwich perforations, in terms of both TEA and SEA,, (Figure 88-Figure 91). All
figures confirm the DSF > 1 trend, confirming the higher energy required under

dynamic loading.
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Figure 91: Full sandwich perforation SEA, [165]

For upper face perforation, which is arguably the most critical design failure

mode, AHS panels are significantly better energy absorbers in all cases, especially

for the thinner, lighter design case (Figure 88). As expected, the conical tup
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induced higher energy absorption than the hemispherical one, due to the more
severe damage introduced. The thinner/lighter and thicker/heavier AHS cases
absorb generally similar levels of energy, perhaps to be expected as the faces are
identical in each case, the core only differs in thickness between the two, and the
specimen geometry does not allow significant global deformations, even in the
thinner case. However, the thicker balsa-cored composite sandwich (irreversibly)
absorbs significantly more energy, around twice as much, as the thinner PVC-
cored laminate for top face perforation. This would also be expected as the balsa
is far stiffer and more brittle than the PVC, with the PVC no doubt suffering far
less permanent damage up to this upper face perforation only failure level.

When energy absorption is normalised by density (Figure 89), the comparison
takes on greater relevance for lightweight design applications, where weight
efficiency and stability are crucial. For the lighter/thinner case, the normalised
energies put the composite solution closer to AHS, though AHS still absorbs
roughly twice the specific energy of the composite PVC sandwich. For the
thicker/heavier case, considering density increases the advantage of AHS over
balsa to about three times the specific energy absorbed.

A broader perspective is obtained by examining full sandwich perforation (Figure
90). As expected, both AHS and composite structures absorbed more energy in
the thicker than in the thinner case. Interestingly, the thinner composite case
absorbs more energy than does the thicker AHS case, although both become
approximately equal in this capacity when the data is normalised by density in
Figure 91, which shows a steady increase in absorbed energy from AHS hll to
GFRP/PVC to AHS h32 to GFRP/Balsa.

Contrary to the trend seen for upper face perforation only, Figure 90 shows that
the composite sandwich solution absorbs more energy than the equivalent AHS
solution for full sandwich perforation both thinner and thicker panels.

Normalising absorbed energy by density (Figure 91) generally increases the
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advantage of composites over AHS for thinner/lighter designs, while slightly

reducing it for thicker/heavier designs.

6.2 Performance evaluation of hybrid aluminium honeycomb

sandwich panels with FFRP and BFRP skins

Although aluminium honeycomb sandwich panels have demonstrated good
mechanical properties and offer several advantages, such as lightweight design
and excellent recyclability, the potential benefits of hybridising these structures
with natural fibre skins were systematically investigated. Hybridisation was
achieved by introducing natural fibre skins with the aim of enhancing specific
mechanical characteristics, including energy absorption, stiffness, and impact
resistance, while also improving the performance of the panels.

Table 31: Low-velocity impact results summary (H20 hemispherical tup). All specimens have
honeycomb cell size core of 6 mm.

FFRP/AHS FFRP/AHS
AHS GFRP/AHS PU adhesive  ER adhesive BFRP/AHS
E[J] Frax [kN]  Finax [kN] Finax [KN] Finax [KN] Finax [KN]
56 7.86 8.35 8.61 8.59 -
88 7.95 12.87 10.10 9.48 -
125 8.46 17.91 10.56 10.62 -
~ 180 - 16.81 8.86 10.10 17.95
230 - - - - 19.63
~ 250 - 20.32 - - 21.35

Impact tests were conducted using H20 hemispherical tup on panels with 6 mm
and 3 mm honeycomb core cells size to quantify the influence of hybrid skins.
Table 31 summarises the results for the 6 mm honeycomb cell size panels,
comparing AHS [187], GFRP/AHS [109], FFRP/AHS (with PU and ER
adhesives), and BFRP/AHS configurations.
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At the lowest impact energy (56 J), FFRP skins increased the maximum load by
~8 % relative to AHS and ~3 % relative to GFRP/AHS specimens. At higher
impact energies (88, 125, and 180 J), the differences between GFRP/AHS and
FFRP/AHS specimens become more evident, with GFRP/AHS exhibiting higher
increments in maximum load. At a ~180 J, where BFRP/AHS specimens were
also tested, the basalt skins provided the highest performance, with a maximum
load up to 46 % higher than FFRP hybrids and ~6 % higher than GFRP/AHS
panels.

An additional comparison at approximately 250 J shows that BFRP/AHS panels
still outperform their counterparts, with a maximum load about 5 % greater than
that of the GFRP/AHS specimens.

A further comparison was carried out on sandwich structures with a honeycomb
core cell size of 3 mm, as reported in Table 32. In this case, three configurations
were analysed: non-hybrid AHS, GFRP/AHS, and BFRP/AHS specimens. All the
panels were tested under impact loading using the H20 indenter, ensuring

consistency with the results previously discussed.

Table 32: Low-velocity impact results summary (H20 hemispherical tup). All specimens have
honeycomb cell size core of 3 mm.

AHS GFRP/AHS BFRP/AHS
E [J] Fmax [KN] Frmax [kN] Frax [KN]
56 9.70 11.49 -
88 9.38 13.21 -
125 9.65 13.30 -
~ 180 - 14.48 11.75
~ 230 - 14.25 13.48

By analysing the two energy levels common to both hybrid configurations, it can
be observed that, at approximately 180 J and 230 J, the maximum load is slightly
higher for the GFRP/AHS specimens compared to the BFRP/AHS ones.
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The experimental results can be summarized by considering the effect of weight
on the mechanical performance of the hybridised structures. In this context, the
highest SEA values obtained from the impact tests were calculated relative to the
panel density and compared with available reference data for the corresponding

AHS structures [74], [108], [109], [170], [177].
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Figure 92: Maximum SEA, calculated by the impact tests compared with other sandwich
structures with honeycomb cell size core of 6 mm.

All the data considered were obtained from tests performed with the H20 indenter
and clearly highlight a significant improvement in performance when the
sandwich structures are hybridised. As shown in Figure 92, the contribution of
FFRP skins to energy absorption lies approximately midway between that of the
fully aluminium sandwich and the GFRP/AHS configuration. This increment is
also remarkable compared to high-performance carbon fibre hybridised AHS
(+54%).

The addition of BFRP skins further enhances the energy absorption capabilities,
showing the highest SEA values in both 6 mm and 3 mm honeycomb

configurations. For the 6 mm honeycomb cell diameter (Figure 92), the
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performance of BFRP hybrids is substantially higher than that of non-hybrid
honeycomb and carbon fibre-reinforced cores, and about 2 % higher than GFRP-
reinforced specimens. The comparison between BFRP and FFRP hybrids
indicates SEA values up to 46 % higher for the BFRP-reinforced panels. Similar
trends are observed for the 3 mm cell configurations (Figure 93), with BFRP
hybrids displaying significantly higher SEA compared to non-hybrid structures
and about 7 % higher than GFRP-reinforced hybrids.
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Figure 93: Maximum SEA, calculated by the impact tests compared with other sandwich
structures with honeycomb cell size core of 3 mm.

Overall, these findings demonstrate that hybrid aluminium honeycomb
sandwiches with BFRP skins offer the best combination of stiffness, strength, and
energy absorption, while FFRP skins provide a moderate improvement over
conventional GFRP laminates. The superior performance of BFRP hybrids across
different core sizes confirms their suitability for lightweight and impact-critical
applications, providing a clear pathway for tailoring sandwich panel performance

through fibre selection.
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6.3 Foamed PLA sandwiches: flexural and energy response

Additive manufacturing, and particularly the Foam Additive Manufacturing
process, enables the fabrication of innovative sandwich configurations using a
single material. In this context, PLA was employed to produce mono-material
sandwich specimens with foamed cores of different densities, allowing a
systematic investigation of the influence of core density on both stiffness and
energy absorption.

Flexural tests were conducted to evaluate both bending and shear stresses, and the
relative flexural strength of each configuration was assessed by normalizing the
maximum stresses against the bulk specimen (B100), following the Gibson-Ashby
analytical model. The results showed that the F2 specimens achieved the highest
maximum flexural stress (Gmax) among the foamed-core sandwiches (~79 MPa at
2 mm/min), outperforming the lower-density F1 (~33 MPa) and the high-density
F3 (~76 MPa), demonstrating that an intermediate core density provides an
optimal combination of stiffness and load-bearing capacity. The graded (GRAD)
specimen exhibited intermediate behaviour (~54 MPa), indicating the potential of
density gradients to tailor flexural response.

In Figure 94, a comparison is reported with literature data on sandwich structures
produced with natural or recycled materials, including the F1, F2, F3 and Graded
specimens from this study, alongside various reported configurations such as
CFRP/PET foam [198], Flax/bottle caps [199], Wood/PLA [200], Paper/PLA
[201], all-PLA honeycomb [153], Flax/PLA-HC [202], and CFRP-based
(CITHSS [203] and CS16-20 [204]). It is highlighted that the F2 typology
analysed here exhibits the highest relative flexural strength among all PLA-core
sandwiches, being inferior only to the Flax/Bottle caps configuration by
approximately 30 %. Moreover, the PLA foamed-core sandwiches investigated

show interesting properties even when compared to other non-conventional
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sandwich arrangements, confirming the potential of these structures

applications requiring tailored mechanical performance.
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Figure 94: Flexural strength of the PLA sandwich analysed in this study compared with existing

literature. Figure adapted from [189]

Impact tests were performed using H20 hemispherical tup to evaluate energy

absorption under low-velocity impacts. The foamed specimens demonstrated a

clear correlation between core density and absorbed energy: F1 (low density)

exhibited the highest density-normalized absorbed energy (=0.06 J-m3/kg),

allowing large displacement, F2 (intermediate density) showed slightly lower

SEA, (=0.05 J-m3/kg) with a balanced combination of stiffness and deformation,

while F3 (high density) displayed limited deformation and the lowest SEA,, (=0.03

J-m3/kg). This behaviour reflects the trade-off between stiffness and ductility:

low-density cores deform more and absorb more energy per unit density, whereas

high-density cores are stiffer but less capable of dissipating energy efficiently.
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Comparison with bulk honeycomb PLA specimens (B10, B40, B60, B100)
revealed that foamed cores provide higher displacement at peak load and better
energy absorption at lower densities, while bulk specimens reach higher
maximum forces but fail more brittlely. GRAD specimens, with a layered density
arrangement, offered intermediate performance, suggesting that graded structures

can be tailored for specific energy absorption requirements.
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Figure 95: Maximum SEA, comparison between foamed PLA, AHS and hybrid sandwich
structures.

Although the application context of these PLA sandwiches differs from that of
aluminium honeycomb or hybrid fibre-reinforced panels, the SEA provides a
useful metric for comparison (Figure 95). Foamed PLA sandwiches exhibit
performance levels suitable for lightweight and sustainable applications (e.g.,
food packaging), where low weight, impact absorption, and biodegradability are
prioritized over the mechanical requirements of automotive or acrospace panels.
While they do not compete with hybrid or metallic structures in terms of SEA,,

their behaviour is coherent and promising within their intended application scope.
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7. Conclusions

This PhD thesis addressed the development and characterisation of lightweight
and sustainable structural solutions, motivated by the growing demand for
environmentally friendly technologies that reduce emissions, improve energy

efficiency, and enable circular economy strategies.

An initial analysis of the sustainability scenario and of existing approaches to
lightweight structures highlighted both the potential of advanced sandwich
configurations and the gaps that remain to be bridged, thus guiding the

experimental work presented in this thesis (Chapter 2).

The first task of the PhD work concentrated on all-aluminium honeycomb
sandwich structures, selected for their recyclability, structural efficiency, and
relevance to transport applications (Chapter 3). Their mechanical behaviour was
studied under QS perforation and LVI, with particular attention to damage
mechanisms and dynamic response. Based on experimental results, a Dynamic
Scaling Factor was defined to estimate dynamic impact behaviour from QS tests,
providing a practical and cost-effective method for predicting LVI performance.
Aluminium honeycomb sandwich structures were compared with conventional
composite sandwich laminates, which are known to be highly susceptible to
impact damage, a critical issue that can compromise structural integrity and
reliability in demanding applications. Two design cases were considered: a
thinner/lighter panel and a thicker/heavier one. Damage was evaluated using NDT
X-ray digital radiography, and force-displacement data were correlated with
complex, multiple, and progressive damage modes identified through both visual
and radiological inspections.

For upper-face perforation, AHS solutions were significantly better energy

absorbers than their composite equivalents, particularly for the thinner/lighter and
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more sustainable design case. Perforation with H10 hemispherical tup required 22
J for the thinner /lighter AHS, compared to 8 J for the GFRP/PVC composite
sandwich, a substantial difference in energy absorption. In the thicker/heavier
design, the total absorbed energy was similar for both materials (21 J for AHS vs
18 J for GFRP/Balsa). Both the thinner/lighter and thicker/heavier AHS solutions
absorbed similar levels of energy for upper-face perforation. In contrast, the
thicker balsa-cored composite sandwich absorbed roughly twice the energy of the
thinner PVC-cored composite in the same test. Considering the specific absorbed
energy (i.e., normalized by panel weight), the AHS still outperformed composites:
about twice the specific energy for the thinner structures, and up to three times
higher for the thicker design. For complete sandwich perforation (upper and lower
faces), the general trend of increasing specific absorbed energy was observed from
thinner to thicker structures, from hemispherical to conical tups, and from AHS to
composite sandwiches. This confirms the superior and more predictable
performance of AHS across design cases.

The DSF values confirmed that AHS behaviour is more predictable and less
sensitive to impact velocity compared to composite laminates. For upper face
perforation, AHS ranged from 1.0 to 1.1, while composites reached up to 1.9,
indicating greater velocity sensitivity. For complete perforation, AHS values
ranged from 1.07 to 1.14, whereas composites exhibited higher and more variable
values, up to 1.5 in some cases. These findings provide practical guidance for
using QS test data to predict more complex and costly dynamic impact behaviour
via the DSF, which is particularly useful during early design stages when different
materials and panel architectures need to be compared efficiently and reliably.
Aluminium honeycomb sandwich can provide a new and viable high-performance
lightweight alternative to traditional composite solutions in terms of impact
resistance, while simultaneously achieving far higher levels of sustainability. This

makes AHS a valuable material choice in applications that emphasise weight

184



reduction, energy efficiency, durability, and recyclability.

The second task of the PhD work focused on hybrid aluminium honeycomb
sandwich structures, reinforced with natural fibre polymer skins, with the aim of
enhancing mechanical performance while maintaining low weight and
sustainability (Chapter 4). Flax fibre reinforced laminates (FFRP/AHS) and basalt
fibre reinforced panels (BFRP/AHS) were bonded onto aluminium honeycomb
cores using appropriate adhesives, creating recyclable hybrid solutions.

LVI tests on FFRP/AHS panels showed that the flax skins deform plastically
together with the aluminium face sheets, dissipating energy through fibre
breakage, matrix cracking, and indentation. Impact response depended on the
impactor geometry: smaller contact areas (H10 tup) produced higher localized
damage, with complete bottom skin perforation at around 56 J, whereas larger
H20 tup required 180 J for full perforation. Epoxy-bonded specimens sustained
higher loads due to stronger adhesion. Three-point bending tests highlighted the
role of FFRP skins in flexural performance: for shorter spans (55-70 mm), local
indentation dominated failure, whereas for longer spans (80-125 mm), core-shear
and plastic hinge formation prevailed. Overall, FFRP hybridization improved
maximum load by up to 8% at low impact energies (56J) compared to
unreinforced AHS, with a corresponding increase in energy absorption.

QS perforation and LVI tests on BFRP/AHS panels revealed similar trends, with
hybridization improving stiffness and energy absorption. Panels with 6 mm core
cells were more effective than the 3mm configuration, producing higher
maximum loads, higher specific absorbed energy relative to panel density, and an
extended linear part in the force-displacement curve, indicating larger
deformation before failure.

Panels with 3 mm core cells reached peak forces of about 13 kN, while panels with
6 mm core cells reached 21 kN under comparable LVI damage conditions (top and

bottom skin perforation). For 6 mm core cells, BFRP/AHS panels exhibited SEA
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values up to 46 % higher than FFRP/AHS and 2 % higher than GFRP/AHS, while
for 3 mm cores the SEA was 7% higher than GFRP/AHS. Failure mechanisms
included top and bottom skin perforation, core buckling, and limited local
debonding between fibre skins and aluminium sheets.

These results confirm that hybridising aluminium honeycomb sandwiches with
natural fibre skins effectively enhances mechanical performance, particularly in
terms of stiffness, impact resistance, and energy absorption, while preserving low
weight and recyclability. FFRP skins provide a sustainable improvement in energy
absorption with moderate performance gains, whereas BFRP skins provide the
highest strength and energy absorption, making them ideal for high-performance
applications.

However, by critically analysing these results, although basalt fibres have superior
mechanical performance compared to flax and other natural reinforcements, their
production process is considerably more energy intensive. Basalt fibre
manufacturing involves extraction, crushing of the raw material (4-20 mm
fraction), and melting at around 1500 °C, a process that demands high energy
input and results in significant CO. emissions [205]. In addition, basalt fibres are
generally more expensive than flax or glass fibres, although they remain less
costly than carbon fibres [15]. These aspects highlight the need to balance
mechanical advantages with energy and environmental considerations when
evaluating basalt as a sustainable alternative among natural fibre reinforcements.
Despite the higher energy requirements, the high strength of basalt fibres can
justify their use in high-performance hybrid laminates, where durability, strength,
and structural reliability are critical.

The adhesives used to bond the composite skins to the aluminium cores, including
commercial polyurethane and epoxy resins, also play a role in the overall
environmental impact. These adhesives proved highly effective in ensuring

excellent mechanical performance. While natural fibres and recycled aluminium

186



enhance panel sustainability, the adhesives are not entirely green, even though
only a very thin layer (~500 um) is applied. From a scientific perspective, it would
be valuable to investigate hybrid panels using more sustainable bonding solutions,
such as bio-based epoxies or other green adhesives, to fully assess the

environmental sustainability of these hybrid sandwich structures.

The final task of the PhD work focused on mono-material sandwich structures
produced via Foam Additive Manufacturing using PLA, including both bulk and
foamed-core specimens (Chapter 5). This study systematically investigated how
core density affects bending and LVI behaviour across different foam
configurations.

Flexural tests showed that foamed-core specimens generally absorb more energy
and exhibit higher bending performance than bulk specimens, with the F2
configuration achieving the highest maximum flexural stress and providing an
optimal combination of stiffness and strength among the foamed types. The F1
specimen, although lower in flexural stress, exhibited a more compliant
behaviour. The graded specimen displayed intermediate flexural performance,
indicating that density gradients can be effectively used to tailor stiffness and
strength for specific applications. A clear correlation between the observed
flexural stresses and the underlying failure mechanisms (face yielding, core shear,
and interlayer debonding) was established, demonstrating that tailoring the foam

density allows controlled deformation and energy dissipation.

LVI tests further demonstrated the advantages of foamed cores over bulk
specimens. F2 specimens exhibited the highest maximum force values and a
balanced combination of stiffness, deformation, and energy absorption compared
to the other foamed specimens. F3 specimens displayed greater stiffness, followed
by F2 and GRAD, whereas F1 showed the lowest stiffness due to its lower density.

Impact observations indicated that foamed cores deform uniformly, dissipating
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energy through core indentation and controlled face-sheet bending, while
avoiding the brittle failure typical of bulk PLA specimens.

The FAM process enables precise control of foam morphology and density
gradients, allowing the mechanical performance of sandwich panels, including
stiffness, deformation, and energy absorption, to be tailored for specific
applications. Foamed PLA sandwiches are particularly suitable for lightweight
and sustainable applications, such as food packaging, where low weight, impact
absorption, and biodegradability are prioritized. The ability to adjust core density
and foam structure provides enhanced protective properties, offering a promising
solution for environmentally friendly packaging with improved energy-
dissipating capabilities.

Overall, the combination of tailored core densities, controlled mechanical
performance, and sustainable material selection demonstrates that PLA foamed-
core sandwiches fabricated via FAM are a promising solution for lightweight,
energy-dissipating structures. They also provide a benchmark for evaluating novel
sandwich configurations in terms of specific energy absorption, confirming their
potential for efficient and sustainable design even in applications where high

mechanical demands are secondary.

Given the above framework, the main findings presented in this PhD thesis can be
summarised as follows:

e The mechanical performance and impact resistance of aluminium
honeycomb sandwich structures were characterised, highlighting the
influence of core thickness and geometry on energy absorption. The DSF
provides a practical tool to predict LVI response from QS tests, supporting
efficient design of lightweight, high-performance metallic panels.

e The hybridisation of aluminium honeycomb sandwiches with natural and
mineral fibre skins demonstrated that structural performance, stiffness,

and energy absorption can be significantly enhanced while maintaining
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recyclability and low weight. BFRP skins were shown to maximise
strength and impact resistance, offering design strategies for high-
performance applications.

e Mono-material PLA sandwich structures produced via Foam Additive
Manufacturing demonstrated that tailoring core density enables
predictable mechanical performance. The F2 foam configuration
provided the most effective combination of stiffness, bending strength,
and energy absorption, supporting the development of fully recyclable,
lightweight solutions for applications prioritising energy dissipation, such
as food protective packaging.

Overall, this thesis demonstrates that advanced sandwich structures, whether
metallic, hybrid, or polymer-based, can achieve high mechanical performance
while supporting environmental sustainability. The combination of experimental,
analytical, and predictive approaches enables informed design of lightweight
structures, with potential applications spanning transport, aerospace, and
packaging sectors. Future work could extend the experimental investigation to
additional hybrid configurations, explore alternative bio-based polymers, and
apply innovative manufacturing techniques to further expand the potential of

sustainable and lightweight sandwich structures.
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Symbols

Latin symbols
b
d

Nomenclature

Sandwich beam width

Distance between the centroid axis of the
sandwich skins

Sandwich bending stiffness

Young’s modulus

Energy spent for bending deformation during
impact

Core Young’s modulus

Energy spent in contact effect

Skin Young’s modulus

Energy spent for membrane deformation during
impact

Energy spent for shear deformation during
impact

Out-of plane Young’s modulus of the core
Core shear modulus

Sandwich overall thickness

Area moment of inertia

Bending deflection coefficient

Stiffness in the spring-mass model correlated to
bending deformation effect

Stiffness in the spring-mass model combining
Kb and Ks

Stiffness in the spring-mass model correlated to

non-linear contact effect
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Unit of
measurement

MPa

MPa

N/m"



;U"UQ-ZB

&

w

Wh
Greek symbols

o

b
Js
Ec

ef

Stiffness in the spring-mass model correlated to

non-linear membrane effect

Shear deflection coefficient

Stiffness in the spring-mass model correlated to

shear deformation effect
Projectile mass
Sandwich structure mass
Bending moment
Contract parameter
Nozzle diameter

Load

Absorption pressure
Radius of curvature

Core cell size

First moment of area
Extrusion speed of the filament
Absorption time
Sandwich core thickness
Sandwich skin thickness
Absorption temperature
Temperature of extrusion
Impact velocity

Section modulus

Deflection at impact point

Indentation depth

Displacement

Bending contribute to sandwich beam deflection

Shear contribute to sandwich beam deflection

Core strain

Skin strain
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N/m

mm/min

mm
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Prel

Of
G failure

Cfi

ory

Ofw

AHS
AM
ASTM
BFP
BFRP
BJ
CAD
CBA
CFRP
CT
CMC
DED
DSF
EoL

Density

Relative density

Stress

Core stress

Core out-of-plane compressive strength
Skin stress

Flexural stress at failure

Skin critical in-plane stress for intra-cell
dimpling

Yield stress of the sandwich skin
Critical compressive stress for wrinkling
Shear stress

Core shear strength

Maximum shear stress

Aluminium honeycomb sandwich

Additive manufacturing

American Society for Testing and Materials

Bottom face perforation

Basalt fibre reinforced polymer
Binder jetting

Computer aided design
Chemical blowing agent

Carbon fibre reinforced polymer
Computed tomography
Ceramic-matrix composites
Directed energy deposition
Dynamic scaling factor

End-of-life
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kg/m?
kg/m?
MPa
MPa
MPa
MPa
MPa
MPa

MPa
MPa
MPa
MPa
MPa

Acronyms



FAM
FDM
FFRP
FRP
GFRP
HI10
H20
IKE
LCA
ME
MJ
MMC
MRI
NP
NZE
PA
PBF
PET
PLA
PMC
PP
PU
PVC
SL
STL
TFP
VP

Foam additive manufacturing
Fused deposition modelling
Flax fibre reinforced polymer
Fibre reinforced polymer

Glass fibre reinforced polymer
Hemispherical tup with 10 mm diameter
Hemispherical tup with 20 mm diameter
Incident Kinetic Energy

Life cycle assessment

Material extrusion

Material jetting

Metal-matrix composites
Magnetic resonance imaging
No perforation

Net zero emissions

Polyamide

Powder bed fusion
Polyethylene terephthalate
Polylactic acid

Polymer-matrix composites
Polypropylene

Polyurethane

Polyvinyl chloride

Sheet lamination

Standard triangulation language
Top face perforation

Vat photopolymerization
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