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Abstract

During the last few years, a new class of composite materials has been introduced. The Variable
Angle Tow composites (VATSs) are materials that are not constrained to the straight deposition of
the fibers with the worth of curvilinear fibers path that introduce additional degrees of freedom
in the fiber deposition. The property of the laminated material change not only along the thick-
ness, as in the case of the classical laminate, but also along the path of the fibers in the in-plane
direction. Nevertheless, this structural advantage introduces a new numerical challenge as a con-
sequence of the material properties variation from one point to another following the curvature.
Curved fiber deposition increasingly exploits composite manufacturing technologies. Moreover, it
permits the adaptation of the fiber path to the load type retarding some critical phenomena such
as bending displacement or buckling deflections. Moreover, some improvements in the specific me-
chanical properties allow for obtaining lighter structures. One of the most important challenges for
the development in the aerospace field is the design of lighter structures, due to this purpose VATs
composites have been increasingly studied in the last year.

Composite materials, particularly used in high-speed aircraft and space structures are frequently
subjected to thermal environments. Furthermore, lighter structures such as thin panels are required
in the aerospace field and low tolerance is mandatory in some precision space applications. These
requirements imply the thermal external environment has to be deepened.

Furthermore, thin structures are subjected to buckling phenomena that may cause unexpected de-
formation and failure, indeed in these applications, stiffness and strength requirements are both
fundamental. Buckling occurs when a sudden change in the structure’s geometry happens at a
critical load value.

The present work is focused on the study of thermal buckling which is a non-linear phenomenon
analyzed using the Green-Lagrange geometrical relation and linearizing the problem. Through the
use of the well-established Carrera Unified Formulation (CUF), the thermal buckling critical load
is investigated through the solution of an eigenvalue problem.

Some convergence and validation analyses comparing the present method with literature and com-
mercial software numerical analyses are reported. Stresses generated under thermal loads are inves-
tigated and results are presented for the main aerospace used materials. Laminate made of isotropic
layers, straight fibers composite, and VAT composite are analyzed.

The critical temperature corresponding to the bifurcation point is investigated for VAT square pan-
els with a linearized analysis based on the eigenvalues approach. Some final considerations on the
optimal layers orientations of the curved fibers path are reported at the end of the thesis with the
related thermal stresses.



Chapter 1

Introduction

During the use of spacecraft or aircraft, structures are subjected to the external environment acting
as an additional load. The thermal environment is one of the most huge and strong acts on the
structures used in space and high-speed aeronautical applications.

Composite materials are particularly subjected to the thermal field. Furthermore, the study of the
thermal behavior of composite structures is more complex than traditional material ones considering
the presence of more than one expansion coefficient. Such type of load can induce the buckle of the
structure. The buckling is a sudden event that can affect thin structures and in some cases lead to
breakage.

New composite materials are developed and studied during the last few years. The Variable Angle
Tow (VAT) are fiber-reinforced composite material with fibers that follow an in-plane curvilinear
path. With the introduction of a new type of composite material, the thermal buckle phenomenon
is studied.

1.1 An overview of composite materials

When two or more different materials are assembled together remaining discrete in a macroscopic
way a composite is obtained. The definition permits the differentiation of composite materials from
metallic alloys which are composed of more than one phase that are not distinguishable from a
macroscopic point of view. The main difference between these two material configurations is thus
described.

Joining two or more materials together permits improving some specific properties. The combina-
tion of different properties allows us to take full gains from the used materials. Indeed, the main
advantages of composite use are the high specific properties and the possibility to adapt the con-
figuration to the external load type and the critical phenomena to avoid.

With new improvements in manufacturing, numerical and analytical capability, during the last
decades, the use of multilayered structures has quickly risen. Different configurations are involved
in the definition of multilayered materials. Some configurations used in the last years include layers
made of isotropic alloys, carbon fiber laminates, sandwich structures, and layered ceramic-metallic
structures where the common characteristic is the use of more than one material that appears dif-
ferent at a macroscopic level and which combination can create some advantages properties.
Particularly in aerospace, composite materials offer new possibilities to traditional materials due to
their corrosion resistance, high strength-to-weight ratio, stiffness, and flexibility. Composite mate-



1.1. AN OVERVIEW OF COMPOSITE MATERIALS

rials permit, acting on the stacking sequence and lamina orientation, to modify and improve the
plate properties even if the material composition does not change. Furthermore, the combination
of different materials such as ceramic and carbon fiber reinforced permits the creation of a laminate
with variable properties depending on the in-thickness coordinate.

Historically, in the aerospace field, the first composite material involved in aeronautical applica-
tions has been wood, an organic composite of cellulose fibers embedded in a matrix of lignin. The
properties of the two components are combined and the strength in tension of the fibers could be
exploited to the fullest with the matrix action. The matrix permits to join together of the fibers,
distributes the load, and protects the fibers from the external environment such as moisture.

In the aerospace field, interest in this type of material has rapidly risen during the last few years.
More modern examples are reported. Sandwich structures are composed of at least three layers,
two or more external layers called skins and the internal one that is the core of the sandwich.
Usually, the material of the skins is high-strength stiffer, instead, the core material is composed of
low-density flexible material. Sandwich configuration aims to move away the stiffer material from
the neutral axis to increase the bending stiffness of the structure. Usually, the skins are composed
of metal or fiber-reinforced composite layers, on the contrary, the core could be honeycomb, foam,
web, or truss core to have the lower weight possible. In Figure 1.1 (a) sandwich configuration with
a honeycomb core is reported.

Another type of composite material consists of layered structures where two or more layers of dif-
ferent materials are joined together. Layered structures are used with different aims and could be
composed of metallic, ceramic, piezo-electric materials, or fiber-reinforced composite. The ceramic
layers are usually involved in the thermal protection field. Particularly for reentry vehicles, su-
personic aircraft, and engine components thermal protection. Indeed, usually, it is not possible to
have the same material presenting both mechanical and thermal high properties. Therefore, layered
structures are built of a mechanical structural layer protected by a ceramic one.

Linked to the use of ceramic as a thermal protection layer the Functionally Graded Material (FGM)
is defined. FGMs are composite materials with a continuous material variation along the thickness
and when ceramic layers are present are used for thermal coating. The variation in the in-thickness
properties allows a gradual change in the material from one external layer to the other where a
different external environment is present. Different from the classical laminated material the FGM
configuration is not involved in delamination problems.

The piezoelectric layers permit to use of multilayer structures as sensors or actuators. The phe-
nomenon of piezoelectricity is a peculiarity of a certain class of crystalline materials and consists of
linear energy conversion between mechanical and electrical fields that exploit the multi-field cou-
pling. The linear conversion between the two fields defines a direct or converse piezoelectric effect.
The direct piezoelectric effect generates an electric polarization by applying mechanical stresses, on
the contrary, the converse piezoelectric effect induces mechanical stresses or strains by applying an
electric field.

The more diffused laminated structures family is the fiber-reinforced composite material one. As in
the case of wood, the layer is composed of internal fibers that are the main load-carrying members
and a matrix that keeps the fibers joined together, distributes loads, and protects the fibers from
the external environment. Fibers are stiffer and stronger than the same material in bulk form. They
could be longs or shorts with different properties and deposition techniques. Fibers are materials
where the properties are maximized in a given direction and can be deposed with a chosen direc-
tion or in a random way. The matrix material usually is isotropic and homogeneous and could be
polymeric or metallic depending on the applied load.

The most diffused fibers are carbon or glass but also graphite or boron can be used as fiber materi-
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als. Long fibers are usually involved in the structural application and the better orientation angle
was studied in the last years for every load condition. A representation of a laminate composed of
two long fibers reinforced composite layers is reported in Figure 1.1 (b).

Unidirectional layer

Resin-rich interface

(b)

Figure 1.1: (a) Sandwich configuration with honeycomb core [1]. (b) Fiber reinforced composite
laminate [2].

The introduction of a new class of composite material permits acting more on the angle orientation
by changing the fiber deposition that will not be only straight. Variable angle tow (VAT) compos-
ite materials were introduced with the possibility of a fiber curvilinear path as clearly reported in
Figure 1.2. Improving fiber path degrees of freedom leads to numerous advantages in structural
efficiency improving the tailoring process and increasing the design space with an increase in the
ratio of stiffness to mass. Due to the growing interest in the VAT class of material, a lot of surveys
have been published during the last few years. Accurate stress studies of the VAT composite pan-
els and shells, investigating the most accurate material theories, are mainly studied in [6] and [4].
Other studies are carried out to exploit the possibilities of the curvilinear fiber path studying the
mechanical buckling and post-buckling behavior of VAT composite plate and numerous research
have amply demonstrated the improvement in the buckling carrying capacity given to the use of
VAT placement techniques compared to straight fibers deposition [7] [8].

Also, the well-established Carrera Unified Formulation was used for the investigation of the me-
chanical buckling and vibration analysis of VAT panels [9] [10].
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L

Figure 1.2: VAT laminate representation.

1.2 Thermal environment and thermal buckling

In the present thesis work, VAT composite plates are analyzed and the thermal buckling phe-
nomenon is investigated to evaluate the buckling critical temperature. As explained, composite
materials have superior strength and stiffness properties with respect to traditional materials but
are often influenced by the environment. Those which involved an increase in material temperature
induce expansion strains and the buckling critical load can be dramatically modified by the presence
of an over-temperature. A thermal over-temperature acts on composite structures in usage and in
manufacturing. Furthermore, structural composite materials are usually cured in an autoclave with
high temperatures and pressure that can induce thermal stresses.

The thermal environment is present particularly for space applications where radiation heating is
usually imposed on the structures and for high-speed aeronautical applications with a velocity of
up to 2.2 Mach.

Using composite materials in space fields makes them subjected to an influential thermal envi-
ronment. During the lunch phase of a spacecraft, the thermal environment is maintained under
moderate conditions and the maximum heating on the structure depends on the lunch vehicle but
is usually under control. After the first phase, the thermal environment has the most important
effect on the structure, and considering a satellite, during its orbital life the thermal effect is the
main applied load. The thermal conditions must not exceed the structural limits. Extreme con-
ditions are influenced by the effect of solar radiation particularly when the orbital cycle causes a
degradation in the thermal protection systems.

Composite materials can be used for different applications such as satellite structures in Lower Earth
Orbit (LEO) where three sources of heating are present: the incoming solar radiation, Earth’s in-
frared radiation, and the albedo, which is the solar radiation reflected by the Earth. Furthermore,
there is great variability in the thermal condition of the structure considering its geographic position
and the hour of the day.

In high-speed aircraft applications, the thermal environment is significant. The involved high speed
induces heating on the structures and thermal consideration of the used material is necessary.
Considering thin structures such as panels, a thermal field can cause structure deflections and also
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instability phenomena. Indeed, the plate can buckle under in-plane and compressive stresses that
can be caused also by a thermal external load. Furthermore, in space structures, low tolerance is
mandatory for some precision applications such as space telescopes.

Buckling is one of the principal modes of failure in thin structures such as plates and shells. It
occurs with a sudden change in the pate/shell geometry at a critical load.

The term buckling is associated with an (observable) process whereby a given state of a deformable
structure suddenly changes its shape. Brought about by a varying external load, this change in
configuration often happens in a catastrophic way (i.e. the structure is destroyed at the end of the
process). It may, however, also take place smoothly without causing permanent damage so that,
when the external loading is removed, the structure can be restored to its original configuration.
The change of shape observed during the buckling process is usually very pronounced and it occurs
without a warning. Another important characteristic is that even in carefully monitored experi-
ments, the beginning of failure (if it occurs) cannot be predicted with precision®.

The study of the nonlinear response of flexible structures is a significant parameter for the investi-
gation of thin plates because of their applications in numerous engineering fields and their influence
on classical bending and instability problems. In the aerospace field, thin structures are frequently
used particularly for the advantages in weight terms, and usually, instability phenomena occur first
then static failures.

Over the years various works are done about the thermal buckling phenomena. Traditional metallic
and composite materials are investigated under thermal load [11], and VAT buckling critical tem-
perature is investigated with classical lamination theory and the finite element method in [12]. For
FGMs, due to their applications, particular interest in thermal buckling is present [13] [14]. Also,
anisotropic composite plates’ free vibration response in a thermo-mechanical pre/post-buckled state
is investigated in the CUF framework [15].

1.3 Present work overview

In the present work the Carrera Unified Formulation (CUF) is used to investigate the thermal
critical buckling load of square VAT laminated plate and critical load and pre-buckling stresses are
reported.

In Chapter 2 an introduction of the preliminary concepts necessary for the analyses schematization
is explained. The constitutive equations are reported to allow an explanation of the multifield
problem linking thermal and mechanical unknowns. Furthermore, the constitutive equations permit
the definition of a relation between stresses and strains vector. Geometrical relations for the plate
are reported using the Green-Lagrange tensor for non-linear problems and the main two-dimensional
kinematic theories are illustrated. Finally, the difference between a coupled and decoupled approach
is explained and the two formulations are reported by the use of the principle of virtual work.

In Chapter 3 the CUF framework used in the present analyses is reported for two-dimensional (2D)
elements and the Q9 elements are selected for the analyses. The main expansion functions for
the problem formulation are reported and High Order Theories (HOT) are explicated choosing the
Lagrange Expansion (LE) functions combined with the Layer Wise (LW) approach. Fundamental
Nuclei (FN) are obtained and reported for static, thermo-mechanical, and buckling problems.

In Chapter 4 the main mathematical approaches used for the material modelization are reported
and the LW model is chosen for the present formulation. Furthermore, some considerations about
the differences between straight fibers and VAT material rotation approaches are reported.

!Definition taken from: E. Riks, ”Buckling” Encyclopedia of Computational Mechanics, Vol 2, 2004 [19)
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After the theoretical introduction, some valida