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Introduction

The design and development of lightweight structures has emerged together with the building of the
first aircrafts. The technology of the time has led to the design of the first lightweight structures based
on low density natural materials, such as: wood, cork, natural foams etc.

Since the need to increase the comfort of everyday life has always been considered a challenge, the
optimization of lightweight structures became a necessity to provide multi-functionality and ensure
implementation in various industries and fields. Due to this, the extensive research in the field of
advanced lightweight materials conducted up to the present offers a wide range of solutions.

Cellular structures, stochastic (foams) and periodic (honeycomb), have proven to be effective in
reducing the weight of mechanical systems while providing high and stable structural performances.

Despite their high strength to weight ratio, these cellular structures are rarely used independently but
are usually found in different assemblies. An example of a complex lightweight structure is the
sandwich panel. These assemblies have been successfully used in the aerospace, naval, and
automotive industries since their development and up to the present.

The construction of sandwich panels is constantly developing to keep up with the requirements of
modern life. Nowadays, the numerous solutions present on the market provide complex assemblies
with outstanding mechanical properties. High strength-to-weight ratios, considerable impact energy
absorption capabilities and efficient control of acoustic noise and vibrations transfer, are only a few of
the advantages provided by these mechanical structures.

Nonetheless, there are also a series of disadvantages worth mentioning when discussing the
construction of sandwich panels. The high costs of the existing manufacturing technologies, the limited
capability of generating complex geometries and the difficulty associated with the assembling of its
components are only a few of the drawbacks of these types of structures.

The afore mentioned issues are subject of continuous research conducted on this topic to provide
performant and versatile structures with multi-functional capacities. The main objective remains to
design, develop, and optimize new structures obtained through simple and cost-efficient
manufacturing technologies while reducing the carbon footprint as they go forward.

In this regard, the present research aims to study and provide a novel solution for the industry of
sandwich construction, which can ensure a cost-efficient manufacturing method as well as a reduction
of material loss within the process.

A brief overview of the research conducted throughout this doctoral thesis is presented below.

Chapter one presents a general overview on the development of lightweight mechanical structures,
discussing the diversity of materials and technologies used in the construction of sandwich panels. This
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is followed by a critical review of the state of the art which ends with the formulation of the research
objectives established for the present thesis.

Chapter two is dedicated to presenting the research goals and objectives followed throughout the
thesis.

In chapter three, a novel periodic cellular structure is proposed and investigated. The manufacturing
method, based on mechanical expansion, is described in detail and the advantages provided are
highlighted. A topologic study is performed in order define the relations for computing the gauge
dimensions of the corrugation after the mechanical expansion process. A parametric study is later
conducted, for understanding the influence of the manufacturing method on the geometrical
parameters identified on the isolated unit cell of the corrugation.

Chapter four discusses the analytical model designed to compute the out-of-plane strength and
stiffness of the pyramidal unit cell. The experimental model used to validate the theoretical formulation
is also detailed and discussed. The chapter ends with a comparative study between the novel pyramidal
core and other existing geometries, which is performed to assess the potential of the novel corrugation
under study.

In chapter five, the bending and shear properties of the sandwich panel based on the pyramidal
corrugation are investigated, by using both the numerical and experimental approach. A correlation
between the two models is established. The last part of the chapter presents a comparative study
between different solutions proposed in the literature and the advantages of the novel periodic cellular
core are highlighted.

In chapter six the original contributions and general conclusions of the present doctoral thesis are
formulated. In addition, suggestions for future studies are introduced and discussed.



1. Critical review of the state of the art on the construction of

sandwich panels

1.1 General considerations

A sandwich panel is a complex mechanical structure containing three main components; two thin and
rigid exterior faces placed on each side of a thick cellular core. The core is connected to the face sheets
with the help of specific bonding methods (bonding using resin-based adhesives, welding, brazing etc.),
Figure 1.1. The role of the adhesive layer is to determine the face sheets and core to act as a unitary
structure and according to the norm it should sustain the same shear loads as the cellular core.

= Upper face

Bonding layers < — Cellular core

= Lower face
Figure 1.1 Transversal section through a sandwich panel.

The cellular core is required to maintain a constant distance between the face sheets and keep them
stabilized to prevent local buckling effects. It also needs to allow the transfer of axial and transversal
loads between the core and exterior faces.

The exterior faces sustain compressive and tensile loads and provide bending and in-plane shear
stiffness to the entire assembly [1, 2, 3, 4, 5, 6].

The sandwich concept has become widely used when considering structural weight reduction and
energy saving with the main advantage of providing a high strength-to-weight ratio as well as
considerable impact energy absorption capabilities and efficient control of acoustic noise and
vibrations transfer [7,8, 9, 10].

Nonetheless, when discussing the design and construction of sandwich panels, new challenges are
rising together with their development: i) the high costs of the existent manufacturing technologies,
ii) the limited capability of generating complex topologies and iii) the difficulty associated with the
assembling of the components.

The main purpose of the extensive research in this field is represented by the necessity of developing
new cellular topologies with high structural performances together with simple manufacturing
technologies, to reduce the production costs and material loss during fabrication [2].

The real utility of implementing the use of lightweight structure in a multitude of industries can be
motivated by a thorough examination of the effects pollution has on the environment.



A practical example is represented by the automotive industry where the release of toxic emissions
into the atmosphere was regulated since 1992 together with adopting the EU1 standard by the
European Council. This standard contains the legal grounds for the entire terrestrial fleet with respect
to CO, emissions no matter the propulsion fuel (gas or diesel) [11, 12].

It can be concluded that research in this field is an ongoing process and still raises a series of new
challenges. The complexity of the manufacturing processes and the high amounts of material loss
generated, as well as the limited capacities of obtaining complex geometries with multi-functional
capabilities represent only a part of these current challenges. The main objective of extending research
in the field of advanced lightweight cellular structures is to develop new solutions with high structural
performances together with simple production technologies which could ensure overall cost reduction.

1.2 Types of cellular cores used for the construction of sandwich panels

The topology of the cellular cores used in the construction of sandwich panels can be divided into two
main categories: i) periodic cellular structures and ii) stochastic cellular structures.

1.2.1 Periodic cellular structures
The main advantage provided by periodic cellular structures is that their structural performance is
directly influenced by the properties of the base material. In this regard, they can be maximally
exploited through the topology of the unit cell. They are usually designed using plate or truss-like
elements and can be classified as follows.

B Periodic cellular cores with open or closed topology

Periodic cellular cores with open topologies and continuous channels are used in applications which
require good shock absorption capabilities and effective heat exchange while maintaining a reduced
height [13, 14, 15].

Periodic closed-cell corrugations represent a variation of open cell core with a supplementary step
added within the manufacturing process. This consists in bonding several strips of corrugated panel
using assembling methods like adhesive, brazing, spot welding etc. [16, 17].

B Lattice truss cellular cores

Lattice-truss cellular cores are of considerable interest for the advanced lightweight materials industry
due to their high strength-to-weight ratio and multifunctional potential provided by the open-space
geometry. They have been successfully used in the aerospace and automotive industry [18].

Lattice-truss structures usually consist in filled or hollow trusses with circular or rectangular sections
which are then formed into different topologies: tetrahedral, pyramidal, double-layered pyramidal etc.

The mechanical performance of sandwich panels based on periodic cellular cores are defined by the
stiffness and strength under different loading scenarios and boundary conditions. When designing
cellular cores with complex topologies it is imperative to take into consideration the Poisson’s ratio of
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the structure. Also known as transverse contraction coefficient and defined as the ratio between the
resulting deformation on the direction perpendicular to the acting load and the deformation in the
loading direction it has a significant influence on the mechanical properties of the cellular core.

The Poisson’s ratios of a cellular structure can be divided into three main categories: a) positive; b) zero;
c) negative [19, 20, 21, 22].

Cellular structures with positive Poisson’s ratio exert a transverse contraction in tensile loading and
extension in compression loading [23, 24].

Structures with negative Poisson'’s ratio, also known as auxetic structures, are characterised by lateral
contraction when subjected to compression loading and expansion in the direction of the tensile
loading [25].

A special category of behaviour is represented by structures whose Poisson'’s ratio is equal to zero,
which means that there is no transverse deformation when the structure is subjected to tensile or
compression loading.

The last two categories are usually represented by cellular optimisations of the honeycomb core and
are successfully used in the aerospace, bio-medical, naval, and automotive industries.

1.2.2 Stochastic cellular structures

Foam cellular cores are used in the construction of sandwich panels due to their low relative density
together with a high potential for absorbing impact energy. Having high stiffness and strength, fatigue
resistance and acoustic damping, they have been successfully used in wind turbine blades and several
transportation applications [26, 27, 28].

Stochastic foams can be divided into two main categories: i) metallic, and ii) non-metallic.

1.2.3 Hierarchical cellular structures
Structural hierarchy, inspired by natural materials (bone, wood etc.) has become a practical solution
when it comes to the design of cellular structures. Thus, the hierarchical sandwich panel now
represents a special category for which the core of a sandwich assembly is represented by a sandwich
panel itself.

The technique of structural hierarchy of cellular cores is relatively accessible with respect to production
technologies and indicates potential for design and construction of high-efficiency multifunctional
cores. From the many advantages highlighted by existing research high energy absorption capabilities
and thermal and acoustic insulation are the most notable ones [29, 30, 31]. From the structural
performance point of view, hierarchical cores have a higher stiffness and buckling strength when
subjected to mechanical loading (compression, shear, bending) as opposed to the first order structures
from which they are derived [32, 33].
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1.3 Materials and technologies used in the construction of sandwich panels

The materials used in the construction of sandwich panels can be synthesized into two main
categories, in terms of the element which they are referred to: i) materials used for the face sheets
and ii) materials used for the core, as presented below.

In terms of mechanical properties, they have to fulfil several requirements: i) high buckling and bending
strength, ii) high compression, tension and impact stiffness, iii) high wear capacities [18, 34, 35].

When discussing the production of face sheets for sandwich panels, the most used materials are
metallic alloys (e.g. aluminium and steel alloys) due to their good quality-price ratio.

1.3.1 Materials and technologies used for the fabrication of the face sheets
Metallic sandwich face sheets are obtained through a simple cold forming process. The metal block is
turned into thin plates by passing through two revolving cylinders followed by a cutting process at the
desired dimension of the panel [35].

The demand for materials with high mechanical properties has led to the implementation of several
lightweight materials into mass production such as: reinforced plastics based on carbon and glass
fibres (with random or pre-set orientation), memory alloys and ceramic composites, with the purpose
of reducing the mass of mechanical assemblies. They are the most cost-effective materials to provide
high strength-to-weight ratio as well as considerable energy absorption capacities [36,37].

The manufacturing processes of composite materials are more complex and involve higher costs as
opposed to metallic sheets; they are not entirely automated and often include a series of manual
operations, which may lead to manual errors.

They often include the use of a positive-negative die, previously treated with a coating layer, for an
easy release of the part from the mould. Subsequently, a topcoat is added, which will represent the
finished surface of the part. This step is used to ensure specific roughness of the outer surface for
different applications. The actual manufacturing process consists in applying successive layers of
carbon fibre weave and epoxy resin coatings. Once the layup is finished, the dye is cured in a hot air
oven or vacuum press at a specific temperature for a fixed amount of time as specified in the data sheet
[38].

Another category of materials with high perspectives for large scale use in the construction of
sandwich panel is represented by intelligent materials [39, 40, 41].

Intelligent materials can change their behaviour and mechanical properties according to the action
exerted on them by different stimuli. They are divided into two main categories: i) shape memory alloys
— the shape of the part is pre-set during the manufacturing process to which the structure could return
when exposed to high temperatures; ii) shape morphing materials - structures which can change their
shape during functioning when exposed to outside stimuli [42, 43].
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Even though the use of carbon fibre reinforced materials has increased, mainly due to their low density,
high stiffness and strength, long lifecycle etc., their main drawback which continues to raise issues is
the low recyclability capabilities, thus when the end of lifecycle is reached they are usually stored in
waste compounds or send to landfills. Since this is not a benefit for the environment, alternatives are
continuously being developed [42, 44, 45].

In this regard, another category of composite materials has emerged - natural fibres reinforced
plastics. These are polymer-based matrixes reinforced with natural fibres, such as: hemp, coconut, flax
etc. and are usually taken into consideration when designing composite materials due to their high
recycling capacity [46].

The mass production of natural fibres composites has reached 400.000 tonnes annually.
Manufacturers have taken up the use of natural composites due to three main advantages: i) high
strength-to-weight ratio as opposed to low CO, emissions, ii) biodegradability and iii) high renewal
abilities [47, 48, 49, 50].

Although research conducted up to the present in the industry of advanced lightweight materials,
supported by the multitude of existing solutions with high mechanical performances, metal alloys
remains the norm due to reduced manufacturing costs (material usage and technologies) with respect
to good mechanical performances.

1.3.2 Materials and technologies used for the construction of cellular cores
The main purpose of the cellular core within the sandwich assembly is to keep a constant distance
between the face sheets. In additions to this, it still has to provide other structural requirements, such
as: low relative density, high out-of-plane stiffness and considerable shear stiffness.

The materials used for the construction of cellular cores can be divided into two main categories:

— Metallic materials — metal alloys based on aluminium, titanium, nickel, copper
— Non-metallic materials — wood, paper, resin saturated paper etc. [1, 2].

Despite the wide range of available materials for the construction of cellular cores, metallic alloys
remain still the best prospect. They are successfully used in industrial applications due to their high
strength-to-weight and quality-price ratios.

Metallic cellular cores can be obtained through different technological processes, as follows.

O Mechanical expansion
Cellular cores manufactured through a mechanical expansion process require the use of multiple thin
metallic sheets cut at the same bulk dimensions. Subsequently, they are glued together on the
longitudinal direction and dispersed at a pre-set dimension. The resulting sheet metal stack is then cut
at the desired dimension which will become the height of the cellular core. Later, they are mechanically
expanded by applying a load on the direction perpendicular to the glue application. This is maintained
until the unit cells become of a desired shape and size [35, 36].
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O Cold forming
Cellular structures with open or closed topologies can also be obtained through a cold forming process,
where a thin sheet metal is pressed in a negative-positive die with the shape of the desired profile
(triangular, square, sinusoidal, trapezoidal, etc.). The resulting corrugated profile is then cut at the
desired dimensions, and can be used as a core in the construction of sandwich panels [35].

B T7hermal forming
From the category of non-metals for the construction of cellular cores, thermoplastic materials are the
most extensively used. These are obtained in heated negative-positive presses from thin plastic
sheets. The plastic sheet is placed in a cooled press which is then pre-set to the desired temperature.
When this is reached, the top press is displaced vertically at a constant speed to create the desired
shape of the corrugation [38, 52].

O Additive manufacturing
Additive manufacturing technology (previously known as ‘rapid prototyping’) has emerged in the
beginning of the 1990s and provides the possibility of obtaining cellular structures by eliminating
material loss. This technology uses different types of materials such as: liquids, powders (e.g. ceramic
powders) and solids (e.g. ABS).

The part is generated in its 3D shape using the CAD model (previously designed in specific software) by
adding successive thin material layers on a support plate, process also known as 3D lamination.

Cellular cores for the construction of sandwich panels obtained by additive manufacturing can be
obtained from a wide range of thermoplastic materials, metallic or ceramic. They present good quality
of impact energy absorption. Nonetheless, this manufacturing method is not cost efficient and thus,
not suitable for mass production [53, 54].

B Weaving of metallic wires

Another method of obtaining periodic cellular cores is represented by the weaving of continuous
metallic wires with hollow circular section. This procedure results in obtaining an open cellular structure
which can be used in the construction of sandwich panels. These types of structures offer the
advantage of being cheap to obtain and provide high lightweight capabilities [55, 56, 57].

B Folding techniques
A relatively new category proposed by the scientific community working on developing cellular cores
for the construction of sandwich panels is represented by structures obtained through different folding
techniques. This method consists in folding a flat thin sheet after a pre-set pattern and provides the
advantage of obtaining various tri-dimensional cellular structures (3D) [58, 59, 60].
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1.4 Critical analysis of the state of the art

Natural structures remain up to the present an endless source of inspiration for the development of
sandwich cores and offer a multitude of solutions in order to counteract the existing design problems
researchers are dealing with. This inspiration has led to the design of the honeycomb core, Figure 1.2,
which is considered the state-of-the-art in the field of lightweight cellular cores and it is extensively
used since its design up to the present, especially in the aerospace industry [61, 62].

Ribbon /

Transverse

Figure 1.2 Parametric unit cell of the honeycomb cellular core [62]

The large-scale use of this cellular core is due to its remarkable strength-to-weight properties.
Amongst the multitude of advantages it provides, it is worth mentioning good thermal insulation, heat
transfer, impact energy absorption etc. [62, 63].

Even though honeycomb-based sandwich structures are the most common choice, when it comes to
high performance applications their disadvantages are not to be neglected. Worth mentioning are core
crushing, shear and buckling. In addition to this, they trap moisture, due to their closed-cell structure,
which may lead to internal corrosion and face sheet de-bonding [64, 65].

Adhesion surface also plays an important role in the assembling process of a sandwich panel. For
honeycomb core-based panels, this surface is equal to the thickness of the base material (double the
thickness on some regions) which brings additional requirements on the manufacturing process and,
thus, significantly increasing the production cost [66, 67, 68, 69].

To address the disadvantages of the classic honeycomb structure, researchers have proposed a wide
range of cellular topologies for simplifying the technological manufacturing processes while offering
competitive mechanical properties. Thus, low-density cellular cores have been developed as an
alternative solution to the honeycomb, depending on the targeted application [70].
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Truss-like lattice structures are of considerable interest for the industry of advanced lightweight
materials due to their high stiffness and strength to weight ratios and their multifunctional potential
due to their open-cell geometries. Another advantage of lattice structures in the sandwich core is the
possibility of being formed into numerous core topologies due to their high geometric versatility. The
sandwich face sheets are added either through brazing, welding or through bonding with different
types of adhesives [71, 72].

Despite their good compression properties, lattice structures often show signs of failure of the
assembling method when subjected to shear loading. The bonding method of the face sheets makes
the sandwich panel susceptible to premature failure. Nonetheless, this is a general aspect of lattice
truss corrugations for which manufacturing methods are flawed and are also not attractive for bulk
and mass production. Within this context, the following conclusions can be drawn.

1.5 Conclusions of the state-of-the-art review

After performing the critical review of the state of the art on the advanced lightweight structures with
respect to the status of the development, design and investigation of sandwich panel construction, the
following conclusions can be drawn:

O The demand for high-performance structures has led to continuous development of the
advanced lightweight structures industry.

O For the design and construction of sandwich panels, a multitude of existent materials can be
considered (metallic or non-metallic) but the most used are the ones whose manufacturing
technologies remain simple and cost efficient.

O Cellular cores have to meet a series of strict requirements. The most important are represented
by: low density, high strength and stiffness both for in-plane and out-of-plane loading, high
impact energy absorption, thermal and acoustic insulation.

O Theintention is to develop solutions which allow obtaining complex and performant structures
which should ensure cost and material reduction, simple manufacturing processes, significant
adhesion surfaces and easy assembling techniques.

B There are still some challenges which remain up to date at this moment: i) inability to obtain
complex geometries and ii) simplifying the manufacturing technologies and reducing overall
costs. This ensures the continuous possibility of developing new cellular architectures which
may address the disadvantages highlighted by the present study.
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2. Research goals and objectives

The present research consists in the study of the topology, behaviour and mechanical properties of a

novel pyramidal cellular structure obtained through a mechanical expansion process which has to meet

the following requirements:

— high structural performance in different loading scenarios;

— weight reduction of the associated assembly.

To achieve the main goal of this doctoral thesis, the following objectives have been set:

1.

2.

Critical review of the state-of-the-art in the field of lightweight advanced structures;

Study of the novel pyramidal structure to be used as core in the construction of sandwich
panels

— topologic study of the periodic cellular structure;

— material choice and study on the manufacturing method of the corrugated core.

Theoretical analysis of the novel structure under study
— developing the analytical model of the pyramidal structure’s unit cell;
— developing the numerical model of the sandwich panel based on the novel cellular core.

Experimental testing of the structure for both the isolated unit cell of the corrugation as well
as of the associated sandwich panel.
— creating the samples for the experimental model;
— subjecting the samples to experimental testing, collecting the data, and analysing the
results.

Validation of theoretical models based on their correlation with experimental data.
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3. Study of the novel pyramidal cellular structure for the

construction of sandwich panels

3.1 Novel pyramidal cellular structure and its manufacturing principle

Inspired by natural structures, the honeycomb core became the state-of-the art cellular structure in
this field. Although honeycomb-based sandwich panels exhibit outstanding mechanical performances,
the manufacturing process remains complex, and the costs are high.

In this regard, a novel pyramidal cellular core designed by Marian N. Velea throughout his research work
at the Transilvania University of Brasov is proposed for investigation. Obtained through a simple
manufacturing process, with reduced material loss, it represents a potential a solution to address the
afore mentioned disadvantage.

The pyramidal cellular structure derives from a perforated trapezoidal corrugation, with an additional
internal angle 4, as it is shown in Figure 3.1.

Figure 3.1 Schematic representation of the cellular structure: a) perforated trapezoidal corrugation; b)
mechanically expanded perforated trapezoidal corrugation resulting in a pyramidal structure [73].

The cellular core can be obtained from a thin sheet of any type of ductile metal (e.g. aluminium alloys,
stainless steels etc.), through a continuous manufacturing process, Figure 3.2.

The manufacturing technique, described as mechanical expansion, is performed by following a few
simple steps: Perforation— Generating the guiding lines (bends)— Mechanical expansion.

A pattern of perforations is generated on a flat metal sheet. This results in a profile numbered 1, 2 (zone
). Successively, a series of bends, numbered 3, is generated onto the perforated profile to better control
the expansion process (zone Il). These bending lines form the internal angle of the structure, A. Finally,
the perforated metallic profile is fixed at one end (points 0,and 0,) while at the opposite end a specific
displacement U, is applied along the direction of expansion. The process is stopped when the cells
reach the desired bulk dimensions [73].
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Figure 3.2 Key steps in the manufacturing process of the pyramidal cellular structure [73].

The result of this manufacturing process is represented by a bi-directional pyramidal corrugated
structure expanded on both Ox, Figure 3.3 b) and Oy axes, Figure 3.3 c). Considering the placement of
the cellular core between the face sheets, two different configurations can be obtained by mirroring
the unit cell in the XZ and YZ planes, Figure 3.3 a).

a)
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Figure 3.3 The schematic representation of the pyramidal cellular core: a) the unit cell and its parameters; b)
the resulting core expanded on the 0, direction; c) the resulting core expanded on the 0, direction [74].

3.2 Parametric study of the cellular topology

For the parametric study of the novel pyramidal cellular core, the representing unit cell has been
identified on which the following geometric parameters have been defined, Figure 3.3 a):

¢ — base of the cell's arm, z — thickness of the cutting tool, R — radius of the perforation, g — thickness
of the base material, A — internal angle of the structure, t — width of the expanded structure, [, —
length of the strut, [; — distance between the perforations, h — height of the expanded unit cell, B —
inclination angle of the strut, w — length of the expanded unit cell.

The internal angle of the structure, 4, represents the novelty this pyramidal structure brings. Defined
by a tangent axis between two consecutive circular perforations; it can be computed using equation
(3.1).

2°R
A = arctan (T)’ (3.1)

Based on the computation relation of the expansion angle and taking into consideration the other

geometrical parameters defined on the unit cell, the length (w), width (t) and height (h) of the unit
cell are defined [73]:

w=2-1;+21, cos(B) +c-tan(A) + 2R, (3.2)
t = 2 c+z+ lO . Sln(B) * tan(A), (33)

h=2-g+1,-sin(B), (3.4)

where: z is the thickness of the cutting tool, Figure 3.2.

Computing the relative density, p,, of a corrugated core is the most effective way to evaluate its
lightweight characteristics. The relative density is defined as the ratio between the volume of base
material (V) of the cellular core is manufactured and the volume of the resulting structure (V;) [74].

|4

L
pr - Vs’ (35)
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The relative density of the pyramidal cellular core under study is computed using equation (3.6).

_4'C'g(lo+l1+2'R)—Z'g'l1_8'9'ZO'R_4'T['9'R2 (3.6)
- w-t-h '

T

By defining the equations for the bulk dimensions of the unit cell, w, t, and h as well as the relations
for the relative density, p,., performing a parametric study is now possible. Its purpose is to analyse the
variation of the geometric parameters of the unit cell with respect to the manufacturing process.

For the parametric study, the configurations were obtained with the help of two sets of parameters:
one of fixed parameters - including the distance between two consecutive perforations, 1, the base
of the cell's arm, ¢, thickness of the cutting tool, z and thickness of the base material, g and one of
variable parameters - including the length of the strut, [, and the radius of the perforation, R.

The algorithm used to design the configurations proposed for the parametric study is shown in Figure
3.4

Al A2 A3
ly=c=15mm lyp=2c=30mm Iy =3c=45mm
Cc1 Cc2 C3 c4 C5 cé6 c7 c8 c9
R=3mm| [R=4mm| [R=5mm R=3mm| |R=4mm| |[R=5mm R=3mm| |R=4mm| [R=5mm

Figure 3.4 The algorithm for forming the configurations subjected to the parametric study.

With respect to the values of the defining parameters, the variation of the unit cell's length and width,
computed with the help of equation (3.2) and (3.3) respectively, is depicted in Figure 3.5. The value for
the length of the unit cell is indirectly proportional with the increase of the inclination angle of the
struts. This behaviour is similar for all the configurations considered throughout the study.
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£ :
= L -}
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e} s}
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Inclination angle, B’ Inclination angle, B’

a) b)

Figure 3.5 The variation of: a) the length of the unit cell; b) the width of the unit cell with respect to the
inclination angle of the strut.
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On the other hand, the relation between the variation of the inclination angle and the change in value
of the width of unit cell, defined by equation (3.3), has the opposite behaviour. It increases directly
proportional with an increase in value of the inclination angle, Figure 3.5.

When discussing the evolution of the unit cell's height, defined by equation (3.4), in respect to the
inclination angle of the strut, two conclusions can be drawn: i) a directly proportional increase in height
is registered together with the increase of the inclination angle; ii) the height is the same in the case
of the three sub-configurations, since it is defined only with respect to the angle in question, Figure
3.6.

50 T | E— T T T T 50
| —— C1 L —— C2
B e oy 451 —%—cs
T4t r T 40 e
£ E
& 35 = 35
B 30 B 30
o o
€25 So5f
) )
£ 20+ 20+
k- ks
£ 15} E 15}
2 o
210} 1ot
ST 5F
L= i L . L i - L i 0 L L B L o i L i
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Inclination angle, B’ Inclination angle, B’
a) b)
50 T T T T T T- T
L —— C3
451 | —%—cs
—_ C9
E 40
E
= 35
B 30F
o
S5+
[}
£20F
k]
£15¢F
o
2ot
5 |
0 . L . . . . L .
0 10 20 30 40 50 60 70 80 90
Inclination angle, B’
@)

Figure 3.6 The variation of the height of the unit cell with respect to the inclination angle of the strut: a) R =

3mm;b)R =4mm;c)R =5mm.

The graphs depicted in Figure 3.7, define the variation of the relative density with respect to the
inclination angle of the strut. The relative density decreases in value together with an increase of the
inclination angle of the strut. A significant drop in value is registered when the inclination angle reaches
5°. After this point the value for the relative density is constantly maintained under 0.1. The minimum
is recorded when B = 50° but, despite this, the variation is approximately linear in the range of
[40° — 70°].
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c

strut:a)R =3mm;b)R =4mm;c)R =5 mm.

3.3 Trapezoidal cellular structure

Due to the topology of the structure, the internal angle of the structure, 4, can take values in the range

A = [0,arctan(2 - R/c)]. The upper limit of this interval leads to obtaining the pyramidal structure

defined in Figure 3.3 b) while the lower limit defines a trapezoidal cellular structure, Figure 3.3 a).

For the trapezoidal core, based on the metallic perforated profile, the value of internal angle of the

structure, 4, is equal to zero, Figure 3.8.
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Figure 3.8 The schematic representation of the trapezoidal cellular core and its parameters.
With respect to the trapezoidal topology, the geometric parameters defining the unit cell are as follows:

¢ — base of the cell's arm, z — thickness of the cutting tool, R — radius of the perforation, g — thickness
of the base material, t, — width of the expanded structure, I, — length of the strut, 1; — distance
between the perforations, h; — height of the expanded unit cell, B; — inclination angle of the strut,
w, — length of the expanded unit cell.

Based on the computation relation of the bulk parameters of the pyramidal unit cell, equations (3.2),
(3.3) and (3.4) and taking into consideration that for the trapezoidal corrugation A = 0, the length (w;),
width (t;) and height (h;) of the unit cell can be defined:

we =2l +2-1;-cos(By),

(3.7)
te=2'c+z (3.8)
hy=2-g+1,sin(B,), (3.9)

where: z is the thickness of the cutting tool;

The relation between the length of the strut for the two studied configurations, [, and [;, is defined
with the help of the equation below:

lp=1ly+2"R, (3.10)
The value for the length of the unit cell is indirectly proportional with the increase of the inclination
angle of the struts, which means that the length of the unit cell decreases together with an increase of
the inclination angle. This behaviour is similar for all the configurations considered throughout the
study, Figure 3.9 a).
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Figure 3.9 The variation of: a) the length of the unit cell; b) the width of the unit cell with respect to the
inclination angle of the strut.

On the other hand, the relation between the variation of the inclination angle and the value of the width
of unit cell, defined by equation (3.8) is linear. Since the trapezoidal structure has no internal angle, the
width of the unit cell is the same for all the investigated configurations, t; = 31 mm, Figure 3.9 b).

The evolution of the unit cell's height, defined by equation (3.9), in respect to the inclination angle of
the strut has a directly proportional increase together with the increase of the inclination angle. The
height is the same in the case of all the investigated configurations, since it is defined only with respect
to the angle in question, Figure 3.10.
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Both the width and height of the unit cell have the same behaviour with respect to the inclination angle.
They both increase together with the increase of the afore mentioned angle. The effect is different
when the length of the unit cell is considered, this is the same for all the configurations subjected to
study. Since the topology of the trapezoidal structure does not account for the internal angle, the
expansion of the unit cell is only on the x and z axes.

The graphs depicted in Figures 3.11, define the variation of the relative density with respect to the
inclination angle of the strut. The relative density decreases in value together with an increase of the
inclination angle of the strut. A significant drop in value is registered when the inclination angle reaches
5°. After this point the value for the relative density is constantly maintained under 0.1. The minimum
is recorded when B = 50° but, despite this, the variation is approximately linear in the range of
[45° — 65°].
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The variation of the relative density is similar for all the configurations subjected to study and is
maintained at considerably low levels.

The comparison between the effective density of the trapezoidal structure as opposed to the pyramidal
one, for an inclination angle of the strut, B = 60°, are presented in Table 3.1.

Table 3.1 Comparison of effective density between the two topologies, pyramidal and trapezoidal

Density [kg/m?] (configuration) Difference [%]

pc, = 126.16 pc,, = 140.49 10.2
pc, = 104.48 Pc,, = 123.35 15.3

Pc, = 85.19 Pc,, = 105.8 19.5

pc, = 58.93 Pc,e = 98.31 40

Pc, = 45.9 Pcs, = 86.86 471

pc, = 35.07 Pce, = 74.85 53.1

Pc, =36.2 Pc, = 74.52 51.4

Pcg = 27.07 Pcg, = 65.94 58.9

pc, = 19.81 Pco, = 56.85 65.1

The comparative study between the two investigated structures has shown that the pyramidal core
has considerably better lightweight capabilities as opposed to the trapezoidal one, thus proving that
the presence of the internal angle represents an advantage of the novel pyramidal structure. In this

regard, an investigation on the mechanical properties would be the next step of this research.
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3.4 Comparative study

The performance of the pyramidal cellular structure under investigation has been determined by
conducting a study between some of the most common solutions proposed as cores for the design and
construction of sandwich panels was performed. Four topologies have been considered, which were
already defined in the literature regarding relative density [75, 76]: triangular, trapezoidal, honeycomb
and ExpaAsym, Figure 3.12.

Figure 3.12 Main core topologies for sandwich panel construction: a) triangular; b) trapezoidal; c) honeycomb;
d) ExpaAsym [76].

Several relations between the defined parameters were maintained in order generate a valid
comparison and to highlight the advantages of the newly developed cellular structure. The length of
the strut, (1) has been kept constant for all of the corrugations mentioned above, | = [15, 30, 45]. The
expansion angle was varied in the range [0°-90°] according to how permissively the topology of the
corrugations is. The width, (¢t) and the height, (h) were determined in respect to the length of the unit
cell, (w) with the help of the following relations: t = w/2 for the triangular and trapezoidal cores and
h = w/2 for the honeycomb core.
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Figure 3.13 The evolution of the relative density with respect to the expansion degree for the studied
topologies [76].

The evolution of the relative density with respect to the expansion degree is depicted in Figure 3.13,
where: Pyr-C — studied pyramidal cellular core, Tri-C — triangular cellular core, Trap-C — trapezoidal
cellular core, Hon-C — honeycomb cellular core, Expa-C — ExpaAsym cellular core [76, 77, 78, 79].

The graph shows that the relative density has a similar evolution for all the studied corrugations, in all
the specified configurations; it decreases when increasing the expansion degree. The minimal values
are registered in the range [30° — 70°], depicted in Figure 3.13. It is worth mentioning that the relative
density decreases together with the increase of the unit cell’s strut, since it generates a higher volume
of void in the cellular structure. Thus, the maximum values registered were in the case where [ =
15 mm, while the minimum ones were encountered for [ = 45 mm.

The relative density of the triangular topology registers values in the range [0.01-0.04], while for the
trapezoidal structure, these are set between [0.015-0.035], with the advantage that the latter
provides a significant adhesion surface, which could deliver a more cost-efficient manufacturing
process.

In comparison to the trapezoidal corrugation, the relative density of the honeycomb cellular core has
the same evolution, with identical values, in the given range of [0.015-0.035]. This is because the
honeycomb core represents a closed topology consisting in two trapezoidal structures bonded to each
other, but the bonding surface provided by the honeycomb core is reduced; it is equal to the thickness
of the base material, and, in some cases, it can be doubled, which could lead to premature failure of the
bonding mechanism. Despite this, it is successfully used in many applications where high mechanical
properties are required (strength, stiffness, high impact energy absorption capacities etc.).

The ExpaAsym cellular core was designed to account for this significant disadvantage of the
honeycomb. Its relative density has been reduced by approximately half in comparison to the
honeycomb with values in the range [0.06-0.018]. In the case where the expansion angle is equal to
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60°, the result is a honeycomb-like structure, which provides the advantages such as reducing the
material usage by 50%, while providing a consistent adhesion surface as opposed to its correspondent.
In addition to these two benefits, it is also significantly easier to manufacture, and thus it represents a
potentially less expensive solution.

For the newly developed cellular structure, the relative density is comparable with the one of the
ExpaAsym and varies in the range of [0.06-0.025]. Having a similar manufacturing process, the main
advantage the pyramidal topology provides is the enhanced bonding surface, which is significantly
enlarged compared to ExpaAsym.

The pyramidal cellular core has been developed to keep up with the demands on the nowadays market.
The main advantages offered by this new design are: i) a low relative density of the core and ii) a
significant bonding surface. Together with a simple manufacturing process, they represent an

important set of assets in the attempt in making a difference in the design of lightweight structures.

3.5 Conclusions

The parametric study performed on the novel pyramidal core has shown that for all the geometric
configurations taken into consideration, the bulk dimensions of the cell unit with respect to the
inclination angle of the struts has the same behaviour. In this regard, the following conclusions can be
drawn:

— The length of the cell unit is indirectly proportional to the inclination angle; its value drops
together with the increase in value of the angle.

— The width and height of the unit cell is directly proportional to the angle of expansion of the
corrugation.

— The minimum value of the relative density was registered in the range of [30°-70°] for all the
nine configurations subjected to study.

— The values for the relative density drop together with an increase of the radius of the
perforation, R.

To validate the influence of the radius of the perforation, R, on the behaviour of the pyramidal
structure, it is imperative to define its mechanical properties. In this regard, the strength and
stiffness of the unit cell have been furtherly investigated through analytical and experimental
means and the correlation between the two models was performed. This study is presented in the
following chapter.

29



4. Theoretical and experimental analysis of the novel pyramidal

cellular structure

4.1 Out-of-plane compression properties of the unit cell

The out-of-plane stiffness and strength of the pyramidal cellular structure under study is estimated
by building an analytical model. An experimental model is also designed and experimental tests are
conducted to validate the theoretical approach. The properties of the novel cellular structure are
evaluated through a comparative study with other existing configurations to evaluate its potential into
the market.

4.1.1 Analytical modelling

Due to the symmetry of the pyramidal structure, a quarter of the unit cell has been identified and
considered for developing the analytical model. This consists of two segments, which represent the
free members of the system subjected to external loading, Figure 4.1 [73].

strut section

”l
d

A 4

Figure 4.1 Quarter of unit cell under out-of-plane compression loading [73].

The load the system is subjected to is represented by a uniformly distributed pressure, p, acting on
segment 1-2. This pressure is applied in the global coordinate system, in the z direction and generates
a vertical displacement, §,. The boundary conditions of the system consist in setting to zero all DOFs
in point 3.
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This equivalent model formulation was successfully applied to several types of corrugations [81, 82,
83, 84] and to expanded hexagonal structures [36].

The equations defining the bending moments and tangential forces acting on each constituent
element, in an arbitrary point x of the system are:

-k P x (1)
Mip=—~x—gx5+M,
—E (! l l
Myos =~ (51 +R+ xcos(B)) -2(2+r) (51 +R+ xcoS(B)> + Fycos(A)xsin(B) + M, (4.2)
Tip=——73 (4.3)
_°k P ,
Ty-3 = —~cos(B) = 7 cos(B) — Fesin(B)cos(4) (4.4)

Applying Castigliano's second theorem [80], which states that, for deformations in the linear elastic
regime, the vertical displacement, §,, the rotation in point 1, 69M0 and its horizontal displacement, &,

can be computed as follows [74]:

/ 121,2 <cos(B’) (R + 171) (§+ %) . cos(B) (R + 171) (%.,_ %)) N I3 cos(B)? (R +171)
2R+1

[AYZSAYZ SN
3 8 7 ++34(R+3)(3+3)(7+3)
8 = pk3zacg Eg*(2R—0©) |
/] ws)
R .1
M B) Fccos(A)sin(B) (7 + 4=
121,2 ycgs( ) . )G 8)+1210My(§+%)+alo3cos(A)cos(B)sin(B) 12
My (R+3)
+ i 2
Eg3(2R —¢) 2Ecg?

Fly cos(A) cos(B) sin(B)
B 4Gg(2R - ¢)

where:

v - p2E(6R2g%(cly + 2¢ly — 1;*) + 4R3g?(c — 31y) + Rg?(12 cos(B) lo’c — 12¢lyly — I + 6¢l,*) — 8R*g?)
Y 96 (ERg2(2c — 4Rly + 2¢ly + cly) + Glo(2clo*16R2Ly + 8Rely — 8Rloly + 4cloly) )

PG (8RIL (3cly” — Loly” + 3cloly) — 64R?Ly” + 24R?Lo (clo” + 2loly*2¢loly ) + cloly (4loly + 61°1y) )
+

96 (ERg2(2c — 4R, + 2cly + cly) + 2Gly*(cl16R? + 4Rc — 4Rl + 2011))
FX
_ p2E g% cos(B) (2R(2R — ¢ + 1y) — (2cly — cly))
" 8cos(4) sin(B) ((Egz(ch — 4R? — 2RIy + 2cly + cl))) + 2G(cly® — 8R21y® + 4Rcly® — 4R1y%1; + 20[0211))
pG (—16R410 — 8R31y(3ly + ¢ + 41y cos(B)) — 4R%1y(8 cos(B) lyly — 4 cos(B) lpc + 31, — 3cly) — 2R1y(2 cos(B) cly® — 4 cos(B) Lyl * + 8 cos(B) cloly — 31,° + 3c112))
" 8 cos(4) sin(B) ((Eg2(2Rc — 4R? = 2Rl + 2cly + c1y)) + 2G(clo® — BR?l,” + 4Rcly® — 4Ryl + 2cl’Ly))

The effective strain in the system is defined as:

&, = — (4.6)
h

where h is the height of the unit cell, with w and t are the length and the width of the unit cell (detailed
in chapter 3).

The effective stress acting on the structure is computed using equation (4.7)
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_Ph

7 (4.7)

0z

where A, = wt/4is the compressive area of the structure, with w and t are the length and the width of
the unit cell (detailed in chapter 3)

The effective stiffness of the structure is further calculated using equation (4.8):
O—Z

E =
= (4.8)

By substituting equation Error! Reference source not found. and equation Error! Reference source not fo

und. into equation Error! Reference source not found.8), the expression for the out-of-plane
compressive stiffness of the structure is obtained.

The assessment of the out-of-plane compressive strength of the pyramidal corrugation is performed
by assuming the failure mode of the struts identical to Euler's buckling. This states that a slender
column subjected to longitudinal compressive load will fail due to sudden bend or buckling. The critical
load in this case can be computed using the following equation [85]:

2
g, = 2 Lles (4.9)
T = 20.60,)?

where I,_5 is the moment of inertia for the cross-section of the strut.

Applying the beam theory on the given system, an effective length factor of 0.6 was used. The
approximation was determined as an average value between the fixed-fixed condition (0.5) and the
fixed-pinned condition (0.7) considering the influence of the radius of the perforation R, has at the end
of the struts.

The out-of-plane compressive strength can be evaluated using the following equation:

o, == (4.10)

Fcr2cos(A)

where F, = )

and A; = wt/4.

Finally, equation (4.19) becomes as follows, and defines the out-of-plane strength of the pyramidal
structure [74]:
m2El,_3 cos(A)
(0.61y)? (4.11)
wt sin(B)

2

Z=
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4.1.2 Numerical investigation of the buckling modes of the cellular structure

The numerical model for the out-of-plane compression analysis of the unit cell is presented in Figure
4.2. The specimen (marked 1), previously glued to the steel support plate (marked 2) is subjected to a
compression loading scenario between the support block (marked 3) and the load block (marked 4).

)

4

L % 1 - Pyramidal unit cell
2 — Support plate
3 — Loading block
4 — Support block
&, — applied vertical displacement

Figure 4.2 Out-of-plane compression setup for the numerical model.

4.1.3 Experimental approach

The experimental investigation aims to validate the analytical model defined for computing the
strength and stiffness of the pyramidal cellular structure as well as the buckling modes of the unit cell’s
strut computed with the help of the numerical model.

O Sample preparation
The samples for the pyramidal structure were created from a stainless-steel type 304 (E =
187000 MPa) sheet metal with a thickness of 0.25 mm.

The perforations were made on a water jet cutting machine Maxiem 1530, Figure 4., equipped with a
20 HP hydraulic pump, which can sustain a constant water pressure of 3500 bar [73].

O /nvestigated geometric configurations
The studied geometric configurations of the pyramidal cellular structure were obtained by using a set
of fixed parameters B = 60°, [; = 10mm, |, = 15mm and ¢ = 15mm, and a variable parameter R =
[3,4,5] mm. This resulted in three configurations named C1 + C3, shown in Table 4.1.
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Table 4.1 Configurations and dimensions of the samples for the compression tests [73].

Configuration w[mm]  t[mm]  h[mm] B[°] Al°]

1 47 37 13.3 60 21.8
C2 51 38 13.3 60 28.1
3 54 39 13.3 60 33.7

The expanded unit cells were glued to individual 1 mm thickness steel plates to fix the movement of
the struts during the tests.

To ensure repetition of the structural behaviour, three samples for each configuration have been
considered. The compression tests were performed on an Intron 3360 testing unit. They were
displacement controlled with a constant crosshead speed of 3 mm/min and the load was measured
using a 5kN load cell. The compressive stress was computed by dividing the measured load by the
surface area of the unit cell (w x t mm?). The compressive strain was calculated by dividing the
crosshead displacement by the initial height of the core.

The out-of-plane elastic modulus was determined on the slope of the experimental stress-strain curve
asE, =o,/¢,.

4.2 Validation of the theoretical model

The out-of-plane compression tests have provided values for the strength (o,) and effective elastic
modulus (E,) for a single unit cell with the strut inclination angle equal to 60°. The comparison between
the experimental and analytical results is presented in Table 4.2.

Table 4.2 Analytical and experimental results for the out-of-plane compression [73].

Analytic Experimental
Configuration
E, [MPa] o, [MPa] E, [MPa] o,[MPa]
1 15.4 033 15.15 0.286
C2 9.08 0.22 9.04 0.196
3 5.43 0.13 5.05 0.12

The measured experimental values for the maximum strength and stiffness are slightly lower than the
theoretical ones. This is due to the fact that the analytical model does not include the geometric
imperfections of the unit cell's struts obtained during the expansion process.

In addition, the value for the guiding radii is approximated to zero in the analytical model, while, for the
experimental testing, the value for the bends’ radii is approximatively 1 mm. The role of the bend radius
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is critical; it contributes to avoiding the crack propagation in the sheet metal during the expansion
process.

The comparative study between the two models shows that both, the analytical and the experimental
ones, follow the same path. This outlines that the analytical model was successfully validated through
experimental testing.

The buckling modes of the unit cell's struts were identified with the help of the numerical model
subjected to similar boundary conditions and loading scenario as the experimental setup, Figure 4.3.

A comparison between the observed deformations and FE predictions of the quasi-static buckling
modes for all the configurations subjected to experimental testing was performed.

The FE prediction shows the same buckling shape for all of the cell's struts, located approximately in
the middle region of the structure.

™

a) b)

Figure 4.3 A comparison between the observed and FE predictions of the deformation mode for
configuration C1 (a) observed shape (b) FE prediction.

The results for configuration C2 shows the same behaviour as for the C1 configuration; the four struts
of the unit cell registered an outwards buckling shape on the medial transversal axis.

The comparison between the two models for the C3 configuration are in good agreement.

The comparison between the numerical and experimental models suggests that the FE predictions are
effective in illustrating the buckling shapes of the struts as they occur in reality, thus confirming the
possible use of the validated numerical model for future investigations. Despite this, further
investigations should consist in analysing how does the value of the bend radii influence the
deformation pattern of the struts and what is the influence on the overall mechanical properties.
Based on the validated analytical model, the out-of-plane mechanical properties of the pyramidal
structure can be evaluated by varying the defining geometric parameters of the unit cell.

Figure 4.4 shows the evolution of the specific compressive stiffness and strength, E,/p and o, /p, for
the investigated structure.
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Figure 4.4 Compressive properties of the investigated structure: a) compressive stiffness; b) compressive
strength [73].

The variable parameter for this study is the strut's inclination angle, B = [0° — 90°], since this is one
of the most important feature defining the topology of the corrugation. The constant parameters of
the structure are [, = 15 mm, ¢ = 15 mm, [; = 10 mm. The radius of the perforation is also variable
and different for each configuration subjected to experimental investigations; R = 3 mm for C1, R =
4 mm for C2 and R = 5 mm for C3.

First, as expected, the value of the stiffness of the pyramidal structure is directly proportional to the
increase of the strut inclination angle B, Figure 4.10 a). Secondly, the specific stiffness decreases
together with the increase of the perforation radius R which translates into an increase of the strut's
slenderness.

This slenderness of the unit cell's strut is critical for the compressive strength of the structure, Figure
4.10 b). This decreases together with an increase of the perforation radius, R, which translates into an
increase of the internal angle of the structure, A. This is because the strut of the cell is the main load
bearing element. The highest values are recorded by the C1 configuration, where the radius of the
perforation has the lowest value, R = 3 mm [73].

4.3 Trapezoidal cellular structure

The studied geometric configurations of the trapezoidal cellular structure were obtained by using a set
of fixed parameters [; = 10mm and ¢ = 15mm, A = 0° and a set of variable parameters, R =
[3,4,5] mmand [, = [21,23,25] mm.

The values of the expansion angle B;, were computed according to the following relation, h = h;. This
condition was imposed to ensure that both structures subjected to investigation, trapezoidal and
pyramidal, remain of the same height. Comparing the projected area of the two unit cells, A¢, =
1739 mm and A¢,, = 1642 mm, represents an efficient method to highlight the advantages of the
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internal angle of the pyramidal structure, A. The value of the expansion angle was defined as, B =
[38.24°, 35.32°,32.14°]. This resulted in three configurations named C1t + C3t, shown in Table 4.3.

Table 4.3 Configurations and dimensions of the trapezoidal samples for the compression tests.

Configuration w¢[mm] t[mm]  h¢[mm] B:[°] Ac[°]

C1t 52.98 31 13.3 38.24 0
C2t 57.53 31 13.3 35.32 0
C3t 60.79 31 13.3 38.24 0

The trapezoidal samples were prepared and tested in the same conditions as the pyramidal structure
as defined in Section 4.1.3. To ensure repetition of the structural behaviour, three samples for each
configuration have been considered. The compression tests were performed on an Intron 3360 testing
unit and were displacement driven with a constant crosshead speed of 3 mm/min. The load was
measured using a 5kN load cell. The compressive stress was computed by dividing the measured load
by the surface area of the unit cell (w x t mm?). The compressive strain was calculated by dividing the
crosshead displacement by the initial height of the core.

The out-of-plane elastic modulus was determined on the slope of the experimental stress-strain curve
as E, = g,/¢,.

The comparison between the experimental and analytical results is presented in Table 4.4.

Table 4.4 Analytical and experimental results for the out of plane compression

Analytic Experimental
Configuration
E, [MPa] o, [MPa] E, [MPa] 0,[MPa]
C1t 14.09 0.26 13.94 0.233
C2t 857 0.17 7.41 0.141
3t 5.2 0.1 4.25 0.082

Similar to the behaviour of the pyramidal structure, the values for the maximum strength and stiffness
measured by experimental means are slightly lower than the theoretical ones. This is due to the fact
that the analytical model does not include the geometric imperfections of the unit cell's struts.

In addition, the value for the bend radii is approximated to zero in the analytical model, while, in the
case of the experimental testing, their value is approximatively 1 mm.

Regarding the trapezoidal cellular structure, the comparative study shows that both, the analytical and
the experimental models, follow the same path. This outlines that the analytical model developed for
the pyramidal structure is also valid for the trapezoidal core.
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The comparison between the out-of-plane performance of the trapezoidal and the pyramidal

structures are shown in Table 4.5.

Table 4.5 Comparison between the out-of-plane properties of the pyramidal and trapezoidal cores

Configuration (& 1t 2 C2t a3 C3t
E, [MPa] 15.4 14.09 9.08 8.57 5.43 5.2
Difference 9.29% 5.95 % 442%

o, [MPa] 0.33 0.26 0.22 0.17 0.13 0.1
Difference 26.92 % 29.41% 30%

The comparative study between the two topologies, pyramidal and trapezoidal shows that the internal
angle, A, significantly increases the mechanical properties of the structure with an average of 6.5% in
stiffness and 28.7 % in strength.

Another aspect worth investigating is the mechanical performance of the structure when the value of

the internal angle of the structure, 4, is independent from the radius of the perforation.

4.4 The variation of the internal angle

With respect to the values of the defining parameters, the variation of the unit cell's stiffness and
strength, with respect to the internal angle of the structure, A4, are depicted in Figure 4.5.
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Figure 4.5 Variation of the mechanical performances with respect to the internal angle: a) compressive
stiffness; b) compressive strength.
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The value of the out-of-plane compression stiffness of the pyramidal structure is directly proportional
to the decrease of the internal angle of the structure A4; the compressive properties of the trapezoidal
structure decrease together with the increase of value of angle A.

4.5 Comparative study

After the out-of-plane stiffness of the structure under study has been defined and validated, the
structural performance of the pyramidal cellular core has been compared with a selection of different
core types used in the construction of sandwich panels, as shown in Figure 4.6.

120 15 *
+  Lattice core Oblique [87]
#  Lattice core Vertical [87]
100 + *  TiBAI4V [88]
* ¥  Pyramidal Lattice C (89)
V¥ 3D corrugated C [90]
80 ® ci 1 E
o » c2 .
& o Cc3 &
2 60 w ¢ C1,t=035mm = - + Lattice core Oblique [87]
w N #  Lattice core Vertical [87]
v " *  Ti6AI4V (88]
40| 5 E] 05} %  Pyramidal Lattice C [89)
+ WV 3D corrugated C [90]
v + o ® cCi
20 | -5 » > C2
_ o o o c3
a 3 ¢ C1.t=035mm
0 1 - I 1 L L 0 1 L L 1 L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
p [kgm3] 7 [kgm?3]
a) b)

Figure 4.6 Effective compression properties several types of cellular structures: a) compressive stiffness; b)
compressive strength [69].

The pyramidal structure exhibits lower compressive stiffness performance when compared to the
other structures taken into consideration within the study, Figure 4.6 a). Despite this, it is imperative
to mention that the thickness of the parent material of 0.25 mm is significantly reduced in comparison
to the ones of the other studied structures (e.g. 0.9 mm for the carbon fibre/epoxy lattice core oblique
and lattice core vertical developed by J. Xiong et. al [87] and 0.635 for the titanium alloy structure
presented by Queheillalt and Wadley [88]). A decreased thickness of the base material makes the
struts of the pyramidal structure under study more susceptible to buckling. However, by increasing the
material thickness and considering g = 0.35, the stiffness of the structure, computed with the help of
equation (4.16), becomes 42.36 MPa for a density of 175 kgm™ and is marked in the rectangle on the
graph. Through this modification, the novel structure exceeds the performances of the Lattice core
obligue and the pyramidal corrugation obtained from an ultralight titanium alloy, 7/-6A4/-4V/. Compared
to the Pyramidal /attice C developed by Ming Li et. al [89], the studied structure reaches half the
stiffness value with a significant increase in density.

The out-of-plane strength with respect to core density is illustrated in Figure 4.6 b). The highest
performance has been registered for the C1 configuration with a maximum stress of 0.33 MPa. With
this value, the newly developed structure ranks above the Lattice core obligue corrugation with a
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measured value of 0.32 and the 3D corrugated C presented by Jian Xiong et. al [87] but at a higher
density. Increasing the base material thickness for the C1 configuration from 0.25 mm to 0.35 mm
brings the investigated structure to a compression strength of 0.92 MPa which corresponds to a
density of 175 kgm™.

The internal angle, A, was considered as function of the radius, R. This initial assumption turned into a
limitation with respect to the performance of the structure (both stiffness and strength) due to the fact
that increasing the angle 4, the value of R needs to be increased as well, which results in a slender
strut. Further investigations should consider a different formulation for the angle 4, independent from
the perforation radius R.

4.6 Conclusions

The main purpose of this chapter is to assess the structural performance of the novel pyramidal cellular
in order to evaluate its potential use for the construction of sandwich panels. An analytical model was
developed to define the out-of-plane compressive properties. The expressions defined for computing
the maximum strength and stiffness were validated through experimental testing.

A finite element model was developed to predict the buckling shapes of the struts of the unit cell. The
results were compared to the deformations observed during the performing of the experiments and
have proven to be in good agreement.

The following conclusions can be drawn regarding the out-of-plane compressive performance of the
pyramidal cellular structure under study:

— The out-of-plane elastic modulus, E,, decreases together with the increase of the internal
angle A. Since the latter is defined as a function of the radius of the perforation, R, this
translates into an increase in slenderness of the unit cell's strut which makes the structure
more susceptible to buckling. The compressive stiffness increases together with the
increase of the inclination angle of the strut, B.

— Thestrength performance is decreased with the increase of the internal angle A. In addition
to this, the effective compression strength of the structure is also decreasing together with
an increase of the inclination angle of the strut, B.

— The proposed manufacturing process is expected to reduce material waste and production
costs by providing a simple yet efficient manufacturing method. It provides a considerable
degree of versatility by having the advantage of being manufactured from any ductile metal
which can be formed into thin sheets.

— An increased overall structural performance (both stiffness and strength) is reached by
considering the angle A independent from the perforation radius R.

— The stiffness and strength behaviour could be improved by increasing the second moment
of inertia of the struts, for example, through embossing operations or by using low density
materials.
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5. Theoretical and experimental analysis of the sandwich panel
with metallic pyramidal core

The performance of the sandwich panel based on the novel pyramidal cellular core is furtherly
investigated in this chapter. The effective bending and shear stiffness and the deflection at midspan of
the sandwich structure were determined by numerical and experimental approaches. The two models
were found to be in good agreement. In this regard, the validated numerical model can be subsequently
used for further product development. This may lead to providing better mechanical properties and
higher lightweight capabilities.

5.1 Investigation of the bending stiffness

5.1.1 Numerical modelling

To evaluate the bending and shear stiffness of the sandwich beam, a four-point bending set-up has
been considered, Figure 5.1. When a beam is subjected to four-point bending shear force, P, acting in
the entire region between the outer and inner supports and the bending moment in the midspan are
constant. This decreases the possibility of local failure due to buckling of the face sheets and provides

a broader understanding of behaviour and mechanical properties of the core [3, 4].
Ly

Figure 5.1 Schematic representation of the four-point bending setup [74].

The four-point bending setup helps in determining the relation between the imposed displacement wy,
the resulting deflection, w, and provides values for the load, P. With respect to these parameters, the
specific bending and shear stiffness can be computed with respect to the total mass of the beam, by
using equations (5.6) and (5.7) [5, 11:

_PLA(— L)

mléw, (5.1)

S= . . . (5.2)
m (12w DL, — P(Ly® = 3L,°L + 2L,%))

where: m = (2ps,, tr + prps,tc)L.b — total mass of the sandwich beam
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with: ¢; —ps,, . — the base material density for the face sheets and core respectively, t; - thickness of
the face sheets, p, — relative density of the cellular core, thickness of the core, L, — active length of the
sandwich beam, b — width of the sandwich beam.

To evaluate the four-point bending performance of the sandwich beam, the finite element model,
depicted in Figure 5.2, was designed. The sandwich beam, which consists in two lateral faces (marked
3 and 5) applied on the two sides of the cellular core (marked 4) is subjected to a four-point bending
loading scenario between support rollers (marked 6 and 7) and the loading rollers (marked 1 and 2).

5,
[ T I T Y T D
1 2 o
4 AW A
6 7 5
- e

Figure 5.2 Four-point bending setup of the numerical model [74].

The components of the system are modelled using 4-node structural shell elements, S4R, a reduced
integration element with 6 DOFs for each node, 3 translations and 3 rotations.

Components representing the rollers, marked 1, 2, 6 and 7 are modelled as analytical rigid bodies. The
boundary conditions for the model are defined by restricting all DOFs for the support rollers, while an
imposed displacement was applied for the loading rollers, perpendicular to the face sheets. The
deflection at midspan is measured at a node on the top sandwich face sheet in the symmetry plane
and the corresponding reaction force is registered at the bottom cylinders. The contact areas between
the sandwich components (core and face sheets) are modelled as a node-to-surface contact and
considered perfectly bonded. The contacts between the support and loading rollers and the sandwich
face sheets is modelled as a surface-to-surface contact with a frictional coefficient of 0.17
corresponding to steel-to-steel interaction.

5.1.2 Analysis on the geometric imperfections

When defining the bending and shear stiffness of sandwich panels with periodic cellular cores by using
numerical models, simulation results are usually higher than experimental values especially in the out-
of-plane direction. This occurs due to the imperfections in the cellular structure generated by undesired
variations of the geometric parameters during the manufacturing process [2].
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Accounting the geometric imperfections implies the superposition of buckling eigenmodes onto the
initial geometry before applying the load. The first step consists in performing a linear buckling analysis
to compute the most probable collapse modes. The evaluation of the buckling shapes enables the
choice of the modes which might generate the most critical imperfections (the lowest buckling modes
are assumed to provide the best approximation). The buckling eigenmodes are subsequently written
according to the global coordinate system as nodal displacement [91].

From the computed buckling shapes mode 1 was considered to have the highest probability in
generating critical initial deformation. The distorted nodal coordinates are applied with scaling factor
of 0.1. This perturbation generated on the initial core geometry allows the nodes to translate in the
direction set by the eigenmode by 10% of the value of the initial displacement U;.

5.1.3 Experimental approach

The experimental investigation was aimed to validate the numerical model for computing the bending
and shear stiffness of the sandwich beams based on the pyramidal cellular core. To ensure the
reproducibility of the bending behaviour, three samples for each configuration were considered during
the experimental testing.

O Manufacturing of specimens
The cellular core was manufactured from stainless-steel type 304 with a thickness of 0.25 mm.

The face sheets had a thickness of 1.5 mm and were obtained from mild carbon steel with the elastic
properties listed in section 5.1. The cellular core was bonded to the face sheets using Araldite 20159,
an epoxy based bi-component adhesive produced by Huntsman. The adhesive is applied using a
manual glue gun with a mixing nozzle to keep the mixing percentage as recommended by the
manufacturer, Figure 5.3 a). The sandwich assembly is depicted in Figure 5.3 b).

The position of the sandwich beams during the experimental procedure, for all the configurations
considered for the study, is shown in Figure 5.3 c).
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Figure 5.3 a) Component elements of the sandwich assembly; b) assembled sandwich structure; c)
position of the sandwich beam in the testing unit [74]

B /nvestigation of geometric configurations

The geometric configurations for the cellular core were obtained by considering several parameters to
be constant, B = 60°, [; = 10 mm, [, = 15 mm and ¢ = 15 mm and the radius of the perforations
variable R = [3,4,5] mm, which results in a variation of the expansion angle A. Both expansion
directions of the cellular core, x and y, were considered when manufacturing the samples. This resulted
in obtaining six configurations named C1X + C3X and C1Y + C3Y respectively, Table 5.1.
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Table 5.1 Experimental configurations and dimensions of the samples for the four-point bending tests [74].

Configuration Beam length  Beam width Beam height Internal Loading span,  Support span, L,

[mm] [mm)] [mm)] angle, A[°] Ly [mm] [mm]

C1X 533 37.9 18.09 21.8 183 419

a1y 525 45.09 18.15 21.8 180 416

c2X 550 37.77 18.56 28.1 95 343

c2y 535 50.94 18.82 28.1 104 364

C3X 568 38.28 19.12 33.7 61 366

3y 550 54.86 19.49 33.7 73 381

The dimensions for the shear- and mid- spans were chosen by considering the specimen’s topology ,
thus the loading rollers sheets correspond to the middle of the glued area between the unit cell's top
surface and the face sheets.

B Experimental protocol
The four-point bending tests were performed on an Instron 2985 testing unit, they were displacement
driven and the cross-head speed was kept constant at 1 mm/min. An imposed displacement of 3 mm
was applied and the load was measured using a 30kN load cell.

The deflection at midspan, w,, was registered using Digital Image Correlation (DIC) throughout the
experimental procedure. The use of the system ensures the correlation between the analogue data
(e.g. displacement, registered load) for each registered image.

The maximum deflection at midspan, w,, was determined on the slope of the load-displacement graph
in the elastic region and can be defined as: w, = hy — hy , Figure 5.4.

wy = 0O0mm w, = 0.425 mm

w, = 0mm w, = 0.022 mm

Figure 5.4 Method for extracting the value of w, : hy — the initial position of the sandwich beam; h; — the position of
the beam corresponding to the given displacement for each configuration [74].
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5.2 Validation of the numerical model - correlation between numerical

and experimental results

The four-point bending tests have provided values for the load (P), displacement (w;) and deflection
at midspan (w,) for each of the specimens subjected to the experimental procedure. The results are
presented in Table 5.2 as comparison between the experimental and numerical results. The value for
the displacement (w;) is the same for both the numerical and experimental models, to ensure an
accurate correlation for the effective bending properties, Table 5.2.

Table 5.2 Numerical and experimental results for the four-point bending loading [74].

Experimental results Numerical (FE) results
Configuration Load [N] w [mm] w1 [mm] Load [N] w [mm]

X 70.31 0.022 0.425 81.45 0.021
a1y 44.04 0.021 0.246 77.19 0.023
C2X 33.59 0.003 0.3 51.91 0.004
c2y 4212 0.0034 0.25 73.32 0.005
C3X 27.18 0.004 0.27 32.07 0.005
3y 2412 0.0052 0.25 30.77 0.006

The experimental values registered for the maximum load are slightly lower than the ones obtained by
numerical means. This was to be expected since the numerical model does not consider the thickness
of the adhesive layer used to assemble the sandwich beam. The values for the beam height are slightly
lower in the case of the numerical model as opposed to the samples subjected to testing. However, in
the considered setup, this does not significantly influence the mechanical properties of the core.

In addition to this, the geometric imperfections of the sandwich face sheets are not taken into
consideration for the numerical model. This influences the values for the deflection at midspan which
are lower for the samples subjected to experimental testing as opposed to the numerical model.

Table 5.3 shows the comparison between the numerical values resulted from finite element simulation
and the values measured during the experiments, for the bending and shear stiffness.

46



Table 5.3 Comparison between the numerical and experimental values for the investigated sandwich structures

[74].

D, [kNm?/kg] S [kN/kg]

3.0 0.221

) 4 4.63 0.227

4.51 0.224

D,, — average 4,05 0.224
D,, — FEA 4.68 0.287
1.49 0.151

c1y 3.23 0.313

1.28 0.129

D,, — average 2.01 0.198
D,, —FEA 3.47 0.341
4.25 0.258

c2X 3.41 0.237

6.04 0.301

D,, — average 4,57 0.266
D,, — FEA 6.29 0.326
3.22 0.197

cay 4.03 0.271

5.56 0.392

D,, — average 4.27 0.286
D,, — FEA 6.5 0.412
1.27 0.236

€3X 1.38 0.245

1.33 0.241

D,, — average 132 0.241
D,, — FEA 1.55 0.291
0.83 0.141
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3y 0.96 0.165

0.81 0.126
D,, — average 0.87 0.144
D,, — FEA 113 0.189

By comparing the numerical and experimental results it can be concluded that the two models exhibit
the same trend. Although deviations between the sets of physical and virtual experiments are observed
for some configurations, it is considered that the phenomena which presented by both models are in
good agreement.

Since the shear- and mid- spans were different for all the configurations, the structural performance
of the sandwich beam can be highlighted with respect to the two expansion directions defined on the
corrugation: ox and oy.

The mechanical properties of the sandwich beam depend on the expansion direction of the corrugation.
The slenderness of the strut (determined by the value of the perforation radius, R) as well as the
distance between the top and bottom adhesion surfaces (defined by the length and width of the unit
cell of the core) also have a significant influence on the structural performance of the assembly.

Analyzing the values in Table 5.3 a difference between the experimental and FE curves is revealed. This
can be justified by the fact that for some of the samples subjected to experimental testing, a premature
failure in the adhesive layer occured prior to core failure (e.g. sample 1 for the C2X configuration).

Due to the fact that the mechanical expansion process does not involve forming the core in a positive-
negative die (e.g. cold forming in molds) geometric imperfections are likely to appear. If the
interdependence between the geometric parameters are not respected accordingly, planarity
deviations of two or more adjacent adhesion surfaces may occur. If a deviation in height between the
four struts of one unit cell is registered, then the contact between the core and face sheets is not met,,
thus the load transfer between the components is inefficient. This, together with an uneven application
of the adhesive layer might lead to premature failure. Specimen 1 for the C2X configuration, registered
a premature adhesive failure for a displacement w;=0.23 mm. This justifies the change in trend of the
load-displacement curve of the tested sample.

Regarding the specific bending stiffness, susceptibility to failure was observed on the direction
corresponding to the y axis as opposed to the x axis of the sandwich beam, for the C1 and C3
configurations. The difference registered is significantly higher for the C1 configuration with a value of
4.68 kNm?/kg for case C1X as opposed to 3.47 kNm?/kg for case C1Y.

The C3Y configuration recorded a decrease of the same magnitude, with a drop in value of
approximately 25% in comparison to C3X.
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However, a completely different behaviour was shown in the case of the C2 configuration. With respect
to bending stiffness, the two configurations (C2X and C2Y) register the same value of 6.5 kNm?/kg. This
shows that the topologic configuration of the unit cell, defined by the geometric parameters, is more
homogeneous and exhibits similar bending behaviour on both of the in-plane directions.

In terms of shear stiffness, the trend shows an opposite behaviour. The C1Y configuration registered
an improvement of approximately 16% for the shear stiffness when compared to C1X. This is due to
the fact that the expansion in the y direction results in a more compact and the inclined position of the
struts provides to better shear stability for the structure. A similar effect is observed for the C2X
configuration with a value of 0.287 kN/kg in comparison to 0.341 kN/kg for C2Y.

Nonetheless, the C3 configuration did not exhibit the same behaviour. The shear stiffness for C3X is
reduced by approximately 35 % as opposed to C3Y.

This proves that, together with the decrease of the perforation radius, which influences the
slenderness of the strut, the beam becomes more susceptible to shear failure.

In addition to this, for the C3 configuration, a significant difference between the experimental and
numerical values is encountered. This suggests that, together with an increase of the radius of the
perforation (R = 5 mm), the corrugation might become more susceptible to geometric imperfections
through the strut’'s width during the mechanical deformation process. The mechanical properties of
the structure are also decreasing together with an increase of the spans between adjacent adhesion
surfaces.

5.3 Comparative study

Accounting the good agreement between the two designed models, numerical and experimental a
comparative study between the structural performance of the sandwich beams based on the pyramidal
core and other proposed solutions is performed. The comparative results, with respect to the bending
and shear stiffness are depicted in Figure 5.5. The C2 configuration is considered the best candidate
for further development due to the similarity in bending stiffness for C2X and C2Y. This could lead to
further improvement of the mechanical properties. The possibility of a reduction in density is also
considered [74].
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Figure 5.5 Specific bending stiffness as function of core density for the beams subjected to study [74].

The novel pyramidal core shows high potential for the construction of sandwich panels with a
considerable improvement in bending stiffness and a significant reduction in density when compared
to state-of-the-art honeycomb core. This was observed for all the configurations considered
throughout the comparative study, Figure 5.5 a) [76, 92].

Configurations C2X and C2Y registered the highest bending stiffness with a value of 6.5 kNm?#/kg.

The lowest bending performance, with an effective stiffness of 1.15 kNm?/kg, is registered for the C3Y
case. Although it is ranked above some of the configurations proposed for the comparative study, it is
still exceeded by the lattice-based assembly with improved mechanical properties and a density of
95.3 kg/m?3. The C3X configuration presents a slightly improved bending stiffness but a higher value of
the density.

The internal angle 4, was proven to have a positive influence on the mechanical performance of the
pyramidal structure since the novel core is ranked higher as the lattice structure which has a similar
topology but with an internal angle equal to zero (4 = 0°).

Further optimization of the pyramidal core may lead to a reduced density while maintaining/ increasing
its mechanical properties.

In terms of shear stiffness, Figure 5.5 b), the highest value was registered for the C2Y configuration
with a value of 341.07 N/kg. This ranks the newly developed cellular core above most of the structures
considered within the comparative study. Nonetheless, its shear performance is exceeded by the lattice
corrugation [76], with a value of 0.545 kN/kg for a density of 95.36 kg/m?>.

Regarding shear performance, configuration C3Y ranks lower than the ExpaAsym and the honeycomb,
but at a significantly reduction density.

Further investigations may consist in improving the bending and shear performance by changing the
core material from stainless steel to a one with a lower density (e.g. aluminium, titanium etc.) and the
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face sheets from steel to carbon fibre reinforced composites. This is expected to translate into a
significant decrease in density, which is a topic of interest for future investigations.

5.4 Conclusions

The main objective of this chapter was to assess the bending performance of a sandwich beam based
on a metal-made pyramidal cellular core, obtained through a mechanical deformation process. The
bending and shear stiffness were computed through finite element calculations and validated through
physical experiments.

The following conclusions with respect to the proposed sandwich configurations can be written:

— The internal angle A is an effective method of increasing the mechanical performance of the
pyramidal structure.

— To reach a maximum potential of the sandwich panel, the C2 geometric configuration was
proven to be the best candidate for future investigations and optimizations, due to the high
values registered for the bending stiffness and strength and to their similarity.

— The investigated pyramidal corrugation shows a high potential in competing with other
concepts based different cellular topologies.

— The overall bending performances may be increased by replacing the material of the core and
face sheets with a high-end low-density material (e.g. aluminium, carbon fibre reinforced
composites etc.).
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6. General conclusions and original contributions

This doctoral thesis addresses one of the main research problems related to the design of advanced
lightweight cellular cores and to the construction of the associated sandwich panels, aimed at
developing solutions for reducing material loss and overall production costs.

In this regard, a novel pyramidal cellular core was proposed for investigation. Obtained through a
simplified manufacturing process, i.e. mechanical expansion, it offers the advantages of reducing
material loss and provides a significant adhesion surface for a better contact between the core and the
face sheets. This translates into providing a better structural stability for the associated sandwich
panel.

The study of the mechanical properties aimed to contribute to a better understanding of the structural
behaviour of the periodic cellular core, at the same time identifying new possibilities for further
optimization and performance increase.

The scientific objectives initially formulated were successfully achieved by following the proposed
research steps. The results provided by the research conducted in this regard have led to conclusions,
as follows.

The critical review of the state of the art on advanced lightweight structures used in sandwich panel
construction has shown that the demand for high-performance structures is still increasing nowadays.
The raising awareness on the effect of the technological evolution on the environment leads to the
necessity of implementing lightweight structures in all industrial fields — aerospace, naval, automotive,
civil, and industrial construction, which is crucial for complying to the continuously emerging
regulations.

Research conducted up to the present in this field has highlighted the following aspects:
B A multitude of existent materials can be considered (metallic or non-metallic).

O Newly developed cellular cores should provide performant topologies and offer a significant
number of advantages: low density; high strength and stiffness both for in-plane and out-of-
plane loading, high impact energy absorption, thermal and acoustic insulation.

The parametric study performed on the novel pyramidal corrugation has shown that the proposed

manufacturing process provides a complex yet versatile structure with multifunctional potential.

The novelty feature of this corrugation, the internal angle 4, is effective in designing a structure with
an attractively low relative density.

The mechanical properties of the novel pyramidal cellular were evaluated by both analytical and
experimental approach, to evaluate its potential use for the construction of sandwich panels. In this
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respect, the out-of-plane compressive properties were analytically defined and validated through
experimental testing. Thus, the analytical model can be furtherly used in conducting optimization
processes to maximally exploit the performance of proposed structure.

The following conclusions can be drawn regarding the out of plane compressive performance of the
pyramidal cellular structure under study:

O The out-of-plane elastic modulus, E,, decreases together with the increase of the internal
angle A. The compressive stiffness increases together with the increase of the inclination angle
of the strut, B.

O Anincrease of the internal angle A and of the inclination angle of the strut, B, translate into a
decrease in compressive strength.

The bending performance of the sandwich beam based on a novel pyramidal cellular core, was
investigated by numerical modelling and experimental testing. The designed FE model was validated
through physical experiments.

The following conclusions with respect to the proposed sandwich configurations can be drawn:

O Theinternal angle, A, is an effective method of increasing the mechanical performance of the
pyramidal structure.

O Among the studied configurations, C2 was proven to provide the best mechanical properties
and represents be the best candidate for future investigations and optimizations.

B The pyramidal cellular structure under study shows a high potential in competing with other
solutions based on different cellular topologies.

After completing the parametric study and the evaluation of the mechanical performances of the unit
cell of the corrugation and of the associated sandwich panel, the following future research directions
can be formulated:

O An optimization process can be conducted to increase of the mechanical properties of the
pyramidal. The initial study could consider the angle A independent from the perforation radius
R.

O Thedeveloped FE model could be furtherly improved to evaluate and compute the out-of-plane
compression properties together with the analytical formulation.

O The overall bending performances may be increased by replacing the material of the core and
face sheets with a high-end low-density material (e.g. aluminium, carbon fibre reinforced
composites etc.). This will translate into a significant reduction in density for the associated
sandwich assembly.

53



Personal and original contributions to the thesis

The investigation of the topology of novel pyramidal cellular core proposed for study was performed
with the help of the parametric study conducted. The interdependence between the parameters of the
unit cell has been defined and discussed, the formulations for computing the bulk dimensions of the
core were presented.

The out-of-plane compressive properties were computed with the help of the analytical model
developed. The formulation for determining the out-of-plane stiffness, E,, and strength, o, were
defined and validated through experimental procedures.

The bending and shear properties of the sandwich beam constructed with the novel pyramidal cellular
core was evaluated by using the numerical and experimental approach. The setup for both virtual and
physical experiments were developed and the correlation between the two was assessed and
discussed.

The samples for the experimental models were created and tested accordingly to the conditions
defined by the theoretical formulations.

Two comparative studies were conducted to evaluate the potential of the newly developed pyramidal
core in comparison to the existing solutions in the literature. The structure obtained through a
mechanical expansion process proved to be a promising alternative to be used as core in the
construction of sandwich panels.

The results of the conducted research were disseminated in six scientific papers and articles. Four
scientific papers were presented in international conferences, out of which three were published in
their respective conference proceedings and one was included in the Scientific Bulletin of Transilvania
University of Brasov.

Two articles were submitted to high impacted scientific journals from which one has already been
published and the last is currently under review.
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