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Desempenho mecanico e modelacao numérica de ligacoes

adesivas de materiais compadsitos inovadores para aeronautica

RESUMO

Devido ao impacto das viagens aéreas nas emissdes de carbono, o setor da aviacao busca materiais e
tecnologias mais leves para reduzir emissdes de CO2, NOx e ruido. Os materiais compositos, substituindo
estruturas tradicionais de aluminio em aeronaves, oferecem vantagens de peso, reduzindo o consumo
de combustivel e melhorando o desempenho. No entanto, a fixacdo de compésitos com elementos de
fixacdo mecanicos, como parafusos e rebites, pode aumentar o peso estrutural. A ligacado adesiva surge
como uma solucdo potencial, proporcionando economia de peso sem comprometer a resisténcia.
Existem desafios no desenho de ligacoes coladas adesivamente para compositos, exigindo testes

extensivos para determinar a resisténcia da ligacao.

A presente tese teve como objetivo investigar ligacdes adesivas entre materiais compositos de carbono.
O estudo envolveu a caracterizacdo experimental do adesivo epoxi 3M™ Scotch-Weld™ (EC-9323) para
obter propriedades mecanicas que possam ser usadas nas simulacées numeéricas de estruturas coladas.
Com esse propdsito, foram realizados quatro tipos de testes: i. testes de traccao, ii. testes de corte TAST
(thick adherend shear test), iii. testes de corte DCB (double cantilever beam test) e iv. ensaios de flexdo
com entalhe no extremo (ENF). Adicionalmente, a resisténcia ao corte e ao descolamento de ligacdes
adesivas composito-composito foram caracterizadas experimentalmente. Diferentes combinacdes de
compositos foram utilizando o adesivo epoxi 3M™ Scotch-Weld™ (EC-9323). Por fim, uma investigacao
numeérica foi iniciada, que, de momento, estd em estado embrionario e requer aprofundamento em
estudos futuros. Os resultados dos testes caracterizaram eficazmente o adesivo, proporcionando uma
compreensao abrangente da resisténcia de colagem e resisténcia ao descolamento em unides composito-
composito. Em conclusao, os resultados obtidos neste estudo sobre unibes adesivas de compdsitos de
carbono sublinham a importancia da selecdo de materiais, processos de fabrico e tratamentos de

superficie para alcancar as propriedades mecanicas e de fratura desejadas em unides adesivas.

PALAVRAS-CHAVE: Materiais compositos; Ligacdes adesiva; Ligacées composito-composito; Ensaios

experimentais; Simulacdo numeérica.



Mechanical performance of adhesively bonded innovative

aeronautic carbon composites

ABSTRACT

The aviation sector is under growing pressure to enhance eco-efficiency due to air travel's impact on global
carbon emissions. This has prompted a shift towards lighter materials and technologies to reduce CO,, NOx
emissions, and noise. Composite materials are at the forefront of this movement, replacing traditional
aluminium high-performance aircraft structures. Compared to metals, composites offer significant weight
advantages, resulting in lower fuel consumption and improved aircraft performance. However, attaching
composites with mechanical fasteners like bolts and rivets can increase structural weight. Adhesive bonding
emerges as a potential solution, offering weight savings without compromising strength. Challenges persist in

designing adhesively bonded joints for composites, requiring extensive testing to determine joint strength.

The present thesis aimed to investigate adhesive joints between carbon composite materials. The study
involved experimental characterisation of 3M™ Scotch-Weld™ (EC-9323) epoxy adhesive to obtain mechanical
properties that can be further used for the numerical simulation of bonded structures. With this purpose, four
tests were performed: i. bulk tensile test, ii. thick adherend shear test (TAST), iii. double cantilever beam test
(DCB), and iv. end-notched flexure (ENF). Additionally, the single-lap shear bond and peel strengths of
composite-to-composite adhesive joints were experimentally characterised. Various combinations of
composites were bonded using 3M™ Scotch-Weld™ (EC-9323) epoxy adhesive. Finally, a numerical study has
been initiated; however, it remains in its preliminary stages, necessitating more improvement through future
research. The test results effectively characterised the adhesive, offering a comprehensive understanding of
bond strength and peel resistance in composite-to-composite joints. In conclusion, the results obtained in this
study of adhesive carbon composite joints highlight the importance of material selection, manufacturing

processes, and surface treatments in achieving adhesive joints' desired mechanical and fracture propetties.

KEYWORDS: Composite materials; Adhesive bonding; Composite-to-composite joints; Experimental

testing; Numerical simulation.
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1. INTRODUCTION

1.1. Scope of the thesis

The aviation industry is increasingly pressed to improve its eco-efficiency due to the significant
contribution of air travel to global carbon emissions. Consequently, there is a robust shift towards the
development of lightweight materials and technologies with an aim to mitigate CO,, NO, emissions, and

noise.

In this landscape, composite materials have emerged as a frontrunner for next-gen aircraft. These
materials are gradually superseding conventional aluminium in high-performance aeronautical structures,
especially where there's an imperative for weight savings without compromising on the ability to bear high
loads. When compared to traditional metallic counterparts, composites offer a pronounced weight
advantage. This reduction in weight directly correlates to decreased fuel consumption, consequently

augmenting aircraft performance [1].

Yet, there are challenges. Traditional composite assembly methods using mechanical fasteners like bolts
and rivets can inadvertently augment structural weight. This is primarily because the regions punctuated
with holes (which disrupt the fibres) necessitate ticker laminates to maintain structural integrity [2].
Besides, bolted connections promote high stress concentration and corrosion in metallic parts, and
potential damage to the composite structure through drilling holes, which could introduce delamination

[3].

Adhesively bonded connections are a potential game-changer that promises weight savings without
diminishing mechanical properties [4] . This technique offers advantages especially when coupling
composite aerostructures: contribution to lower structural weight, reduction of manufacturing costs, and
high fatigue strength with low stress concentration in the adherents by the distribution of stresses
throughout a large surface [5]. Additionally, adhesive connections do not suffer from corrosion and do

not disrupt the continuity of reinforcing fibres.

The realm of adhesively bonded joints for composite materials is still evolving. Reliable analytical methods
remain elusive [6], necessitating extensive testing on representative specimens to ascertain joint strength.

Besides, adhesive connections have also their limitations. They exhibit less resistance to environmental

1
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conditions, the presence of moisture in adhesive joints may weaken the adhesive's physical and chemical
properties and the interface between the adhesive and the substrate [6] and require stringent quality

control during manufacturing.

1.2. GAVIAO project

The work developed in the context of this thesis was carried out based on the ongoing work in the Gavido

Project (Research and Development of Technologies for Large-Scale Aircraft Component Production).

The Gavido project aims to globally promote the use of composite materials in new, large-scale
aeronautical structures. The intention is for these structures to exhibit a high level of component
integration. The project will pave the way for new eco-efficient Out-of-Autoclave (OoA) manufacturing and
assembly technologies, such as heated vacuum-assisted resin transfer moulding and thermo-stamping.
Additionally, it aims to produce a full-scale demonstrator of a regional aircraft fuselage section using the
newly developed manufacturing processes. The GAVIAO Project is being developed by a consortium

consisting of OPTIMAL Structural Solutions, 1SQ, and INEGI.

The work developed in this thesis contributes to increasing the knowledge about the performance of the
adhesive bond between the different composite materials that are being developed in the project and that

will be integrated into the final demonstrator.

1.3. Objectives and organisation of the thesis

This present thesis aims to investigate adhesive joints between carbon composite materials. Three types
of innovative carbon composites were manufactured according to heated vacuum-assisted resin transfer
moulding (heated-VARTM) and two variations of stamping: thermoset hot press and thermoplastic hot
stamping. The study involves experimental characterisation to obtain mechanical properties that can be
further used for the numerical simulation of bonded structures. With this purpose, four tests were
performed: i. bulk tensile test (BTT), ii. thick adherend shear test (TAST), iii. double-cantilever beam
(DCB), and iv. end-notched flexure (ENF).

Additionally, the single-lap shear bond and the peel strengths of composite-to-composite adhesive joints

were experimental and numerically characterised.

Lastly, numerical procedure for the skin-stringer debonding simulation was also developed.
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The methodology used to pursue this objective is structured as follows. The thesis is divided in four

chapters: Introduction, state of the art, experimental program, and experimental results.
The first chapter describes the scope of the thesis and the main objectives of the thesis.

The second chapter provides an overview of composites in the context of the aerospace industry, focusing
on their classification, types, and manufacturing methods. It begins by classifying composites into
thermoset and thermoplastic based on their polymeric matrix. It highlights the distinctive characteristics
of each type, emphasising the rising importance of thermoplastic composites due to their unique
properties and environmental benefits. Also, it gives an overview of the drawbacks of autoclave
manufacturing for aerostructures, prompting the exploration of out-of-autoclave (OoA) solutions.
Furthermore, it discusses the importance of bond-line thickness in the fracture behaviour of bonded joints.
Also, it presents the different existing methods to characterise adhesives and bond strength. Finally, it

oversees the cohesive modelling approach to simulate adhesive joints.

The third chapter describes the experimental program. It starts by describing the manufacturing methods
used to fabricate the composite laminates used to manufacture the specimens. Secondly, it describes
each test performed in this experimental campaign, including the standard adopted, the procedure

followed, and the data reduction methods used to analyse the final results.

The fourth chapter focuses on presenting and analysing the experimental results obtained from the
conducted tests. The data collected from the experimental program outlined in the previous chapter are
comprehensively examined and discussed. The results include a detailed analysis of the mechanical
properties of the adhesive and the bond strength of adhesive joints. Chapter five provides a detailed

description of the numerical work conducted in this thesis.

The thesis is concluded in Chapter six with an overall assessment of its achievements and a discussion

of possible avenues for future developments.
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2.STATE OF THE ART

2.1. Composite materials and manufacturing processes

Composites can be categorized into two types based on the polymeric matrix: thermoset or thermoplastic.
The defining characteristic of thermosetting composites is that they do not soften or melt during heating
cycles and are completely cross-linked, meaning that polymer chains are linked together by a series of
bonds. In contrast, thermoplastic composites can go through numerous heating and cooling cycles and
have minimal cross-linking, which makes them appropriate for recycling because they can be reshaped
and reformed repeatedly [7], [8]. Although thermosets currently have a larger presence in the composites
market, their numerous drawbacks have led to an increased focus on thermoplastic composites. There
are still many open questions regarding thermoplastics but, when compared to their thermoset
counterparts, their unique physical, thermal, and electrical properties can potentially introduce cost
savings due to non-heated tooling, shorter manufacturing cycle times, enhanced mechanical properties,
chemical and environmental resistance, and the potential to be recycled by recovering and reusing

composite material from a used component [9].

Currently, almost all aerostructures include components produced using composite materials. Although
these materials were introduced in aeronautical structures in the 1950s, they have only recently become
a major part of aircraft, as seen in the Boeing 787 Dreamliner [10]. With growing environmental concerns
and the need to replace current metal alloys, composite materials, particularly thermosets, have gained
significant relevance in the aeronautic industry. The fibre material is usually carbon. Their potential for

weight reduction can lead to lower fuel consumption and reduced operational emissions.

However, the practical limitation of autoclave manufacturing, which is the predominant method for
aeronautic composite structures, raises questions about the viability of composite materials. The
autoclave processes involve high cycle times, capital costs, and tooling expenses. Additionally, the
dimensions of autoclaves directly impact production capacity, restricting the feasibility of large component

manufacturing [11].

In light of the increasing demand and production of aircraft, it has become crucial to explore out-of-

autoclave (OoA) solutions that offer lower costs, reduced cycle times, and improved environmental
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friendliness. In the past, OoA solutions were disregarded due to inferior material quality compared to
autoclave-produced materials. However, the new generation of OoA processes is gaining acceptance as
they now offer the possibility of achieving composite materials with equivalent autoclave quality [12].

These processes utilize vacuum, pressure, and heat outside of the autoclave to manufacture composites.

In the scope of present thesis, two OoA manufacturing are explored to manufacture the composite
materials: i. heated vacuum-assisted resin transfer moulding (heated-VARTM) (also known as vacuum
infusion) and ii. stamping. These processes offer alternatives to traditional autoclave-based methods,
providing unique advantages and enabling the production of high-quality composite materials for
aerospace applications. Each technique involves specific procedures and equipment to create composite
laminates with unique properties (see more details in Chapter “ Experimental program “). Two variations

of stamping were explored.

Vacuum-assisted resin transfer moulding (VARTM) is one of the most robust and attractive replacements
for autoclave processes. VARTM is a closed mould process that places dry reinforcements into a mould,
seals them with a sealed flexible membrane (vacuum bag) and then, using differential pressure, injects
resin to infuse and impregnate the dry fibres. The process can occur at ambient or elevated temperatures,
depending on the selected resin system. In contrast, to autoclave processes, this method offers several
advantages. It is capable of processing low-cost composites with complex shapes, resulting in excellent
properties and a good surface finish. In the present thesis is explored an innovative heated-VARTM to
process high-temperature mono-component epoxy resins, which due to their high viscosity cannot be

used in conventional VARTM.

Stamping has been also seen as very promisor manufacturing process. In this process, thermoset or
thermoplastic prepregs are heated and stamped to form a composite structure. The mould then shapes
the composite to the desired shape of the component. Stamping stands out from autoclave processes
due to its ability to effectively eliminate voids and improve interlaminar bonding in a short amount of time,
often in the order of seconds, and with low energy consumption. This makes it a cost-effective method

capable of producing large volumes[13], [14].

2.2. Adhesively bonded composites

Adhesively bonded composites have emerged as a cutting-edge approach to materials engineering and
design, key in diverse industries such as aerospace, automotive, and construction. Adhesive bonding has

proven to be a fitting technology for achieving the desired balance of weight reduction and mechanical

6
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performance. However, traditional joint topologies such as single overlap joints induce high peel stresses,
resulting in sudden failure and low joint strength compared to metal adherends [2]. Various parameters
can influence the strength of adhesively bonded joints, and understanding these factors is crucial for
achieving strong and reliable bonds. Some key parameters affecting adhesive bond strength include

surface preparation, adhesive selection, adhesive cure conditions, joint design, and adhesive thickness.

The bond-line thickness plays a prominent role in the fracture behaviour of bonded joints. Therefore,
understanding this behaviour is critical for optimising the thickness of the adhesive layer in bonded joints
in such applications. The general observation in the literature is that the critical energy release rate is
highly affected by the bond-line thickness, which is explained by the physical constrain applied by the
adherents. In a thin adhesive layer, these constraints prevent the full development of the fracture process
zone. Consequently, the value of the fracture energy decreased. However, in a thick adhesive layer, the
effect of this constraint is lower; as a result, the fracture process zone will be fully developed, which leads

to a higher value of the fracture energy.

Banea et al. [15] studied the effect of a Polyurethane adhesive thickness layer varying from 0.2 to 2 mm
using a double cantilever beam (DCB). The obtained result shows a linear fracture energy increase when
the thickness increases from 0.2 to 1 mm. This is explained by the ability of the adhesive to generate a
plastic zone before the propagation of the crack. On the other hand, between a thickness of 1mm and
2mm, there is a slight decrease in fracture energy due to the amount of defect a thick adhesive layer
contains. A similar study was conducted by Marzi ef a/. [16], using 31 specimens with five different
nominal thicknesses (t=0.2, 0.5, 1, 2, and 4 mm). In general, the result demonstrates an increase in the
fracture energy with increasing the adhesive layer thickness. Furthermore, the crack propagates with
constant fracture energy in the case of 0.2 mm and 0.5 mm, while it decreases during the propagation

of the crack in the case of the 1mm adhesive layer. However, it increases in the case of 2mm and 4mm.

Five different thicknesses were tested by Lopes Fernandes et al. [17] (0.4, 1.1, 2.6, 4.1, and 10.1mm);
these thicknesses were selected for maritime application. Contrary to most studies, the facture energy
was the same for the first three thicknesses. The author explained these findings by pointing out that the
failure surface was smother in the case of a thicker bond line, and the change on the crack path plane
might prevent the formation of the fracture process zone. In the case of 4.1mm bond-line thickness, the
fracture energy increased because the adherend constrains is smaller than 2.6 mm. Carlberger ef al.
[18] investigates the influence of the change in the thickness from 0.1 mm up to 1mm on the fracture

energy. The fracture energy increases monotonically up to 1 mm in thickness, after which it decreases
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at 1.6mm, indicating that a maximum exists between 1 mm and 1.6 mm. Another interesting finding is
that the fracture energy reaches a maximum for a bond line equal to the diameter of the fracture process

Z0ne.

The result obtained by Cooper ef a/. [19] showed an increase in the fracture energy when increasing the
bond thickness from 0.25mm to 1.3mm and remained constant for thicker bond thickness, which
following previous work, i.e., fracture energy increased until the diameter of the plastic zone under plain

stain condition, reaches the bond thickness.

[20] concluded that both the adherend and the bond line thicknesses have been shown to impact the
adhesive joint's fracture toughness significantly. The trend observed is that thinner specimens result in
higher fracture toughnesses for both modes | and Il. Similarly, thicker adhesive layers also result in higher

bond toughness.

2.3. Adhesive characterisation methods

Peel and shear loads are the main loads acting on an adhesive joint. However, the determination of the
adhesive's elastic modulus E, shear modulus G, tensile failure stress gy, and the shear failure stress 5
are insufficient for accurately predicting joint behaviour [21]. Advanced modelling technigues like cohesive
zone modelling (CZM) require additional information, specifically, the values of fracture toughness in
mode |, G;., and mode Il, G;;.. These parameters are crucial in comprehensive modelling, enabling more

accurate predictions and analysis of adhesive joint performance.

Several experimental methods are available to characterise adhesives, each providing specific information
regarding their mechanical properties. Tensile, shear, and peel tests are commonly employed to assess
the adhesive's properties. There are two main categories of tests to estimate the tensile properties of an
adhesive: i. those using bulk adhesive specimens and ii. adhesive joint tests. The adhesive joint
configuration is the most used method for determining tensile properties, but there is also the option of

using tensile bulk tests [21].

Shear tests for adhesives also can be categorised into bulk and adhesive joint tests. In adhesive joint
tests, accurately measuring the small adhesive shear displacement is challenging. On the other hand,
bulk specimens provide more precise results due to their higher length. However, the size and thickness
of bulk specimens may not accurately represent the adhesive properties within a joint. Several tests are

commonly employed to characterise the shear properties of adhesives, such as the notched beam shear
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method (losipescu), the notched plate shear method (Arcan), torsion of bulk material, butt torsion (napkin

ring or solid specimen), and (TAST) method [6], [21], [21].

TAST uses two thick adherends to decrease peel stress and provide a pure shear stress state in the
adhesive layer [22]. This method was used by Banea ef a/. [23] to characterise two different adhesive
types: a polyurethane and a high-temperature thixotropic adhesive sealant. The TAST procedure is

described in the standard ISO 11003-2001 [24].

The typical test used to determine G is the DCD as described in ASTM D5528/D5528M - 21 and the
tapered double-cantilever Beam (TDCB) [25]. Additionally, for determining Gj;., the typical tests
employed are the (ENF), the end-loaded split (ELS), and the four-point end-notched flexure (4ENF). Among
these tests, the ENF described in the standard ASTM D7905/D7905M - 19 is the simplest and most
widely used for the shear characterisation of adhesive joints. According to the literature, the DCB and

ENF tests are considered reliable methods for obtaining G;. and G;;. of adhesive joints, respectively.

2.4. Cohesive zone modelling

Cohesive zone models (CZM) predict the adhesive joint's strength and simulate damage growth in
structures. It has many advantages over other methods (VCCT and XFEM), such as its capacity to simulate
the onset and non-self-similar damage growth and not require an initial crack [26]. In CZM the entire
fracture process is lumped into the crack plane, and it is characterised by a cohesive law which associates
traction and displacement jumps across the cohesive surface. With separation increasing, the traction
increases reach maximum stress (cohesive strength or interface strength), then, governed by a softening

curve, decreases, and eventually vanishes, allowing for traction-free crack surface creation [27].

The CZM laws are used to connect superimposed nodes of elements representing different materials to
simulate a zero-thickness interface, or they can be applied directly between two non-contacting materials
to simulate a thin strip of finite thickness between them, e.g., to simulate an adhesive bond. The cohesive
zone model defines the relationship between the traction in the cohesion zone and the opening

displacement of the interface. The Equation (2.1 describes the constitutive law [28]:

. K, 0 071/6n
ty | = 0 KS 0 65 = coh6 (2.1)
t, 0 0 KJ\¢,
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Where t,, is the cohesive strength in tension, tg and t; are the cohesive strength in shear in direction 2
and 3., §; is the opening displacement, K., is the stiffness matrix containing the adhesive bond
parameter K,,, K and K; [29]. The definition of these parameters depends on whether the continuum
or the local approach is used. In the local approach, the K., parameters are chosen to avoid any
interference between the cohesive element deformation and the deformation of the structure. In the
continuum approach, K,, = E and K, = G [30]. Also, according to [28], the stiffness matrix component
in the normal direction can be calculated as the ratio of the normal modulus to adhesive thickness K,, =
E /t,. Meanwhile, the stiffness matrix components in shear are the ratio of the shear modulus to adhesive
thickness K, = G /t4. As an approximation, the tension cohesive strength (t2) and the shear cohesive
strength (t2) could initially be considered as the tensile strength (o) and the shear strength (t),
respectively. The final cohesive law is found by iteratively fitting the experimental and numerical P-6

curves up to the best possible match [31].

After the elastic part, damage initiation starts, and it can be specified by different criteria: maximum
nominal stress criterion (equation (2.2)), maximum nominal strain criterion (equation (2.3)), quadratic
nominal stress criterion (equation (2.4)), and quadratic nominal strain criterion (equation (2.5)).

max {@ t—st—t} =1 (2.2)

th &5 t;

} _q (2.3)
N ()2 (t)°
() )+l - =
&) 2 £5)? &)’
) =

Where "<>" are the Macaulay brackets meaning that a compressive stress state does not initiate
damage [32]. The damage triggers for the maximum nominal criterion when the maximum nominal stress
ratio or the maximum nominal strain ratio reaches one. On the other hand, the damage starts when a
quadratic interaction function involving the nominal stress ratios or the nominal strain ratios reaches one.
After the crack initiation, softening occurs in the material. The softening process is described by
introducing the damage variable d. The value of d ranges from O during the elastic portion of the CZM

law to 1 at the end of the softening process. When damage occurs, traction and shear can be either
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coupled or uncoupled during the damage propagation. This is achieved by setting the non-diagonal terms

of the stiffness matrix to zero [33].

_ (-, (2.6)
£ = { ;.
_ (2.7)
ts = (1 - d)tn
t, = (1—d)E, (2.8)

Where t,,, t; and t, are the stress components predicted by the elastic traction-separation behaviour for
the current strains without damage. The typical traction-separation response of cohesive laws is bilinear
(as shown in Figure 2.1), exponential, or trapezoidal. It depends on the nature of the adhesive used,

whether it is brittle or ductile [34].

Traction ,

gl

_o

63, 6;) 61{, 65f Separation

Figure 2.1: Bilinear cohesive law available in ABAQUS.
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3. EXPERIMENTAL PROGRAM

3.1. Manufacturing processes

In the present work, three types of carbon composites were manufactured by INGElI and OPTIMAL
according to heated vacuum-assisted resin transfer moulding (heated-VARTM) and two variations of
stamping: thermoset hot press and thermoplastic hot stamping, as described in the following

subsections.

3.1.1.  Heated vacuum-assisted resin transfer moulding (heated-VARTM)

Vacuum-assisted resin transfer moulding process usually involves special equipment such as mould,
vacuum pots, vacuum pump, vacuum bag, Flow mesh, Peel plies, sealant tape, temperature control
system, inlet and outlet hoses, and control units and data acquisition. Furthermore, using aeronautic-
grade resin necessitates a high-pressure and temperature control system to ensure high-quality

components. This manufactured process, used in the present work, is known as heated-VARTM.
Manufacturing composite parts using a heated-VARTM process involves the next nine primary steps [35]:

o Reinforcement cutting: in this step, reinforcement fabric, peel-ply and flow mesh are cut

according to the specific dimensions of the parts to be produced.

e Resin preparation: in this step, the resin is defrosted and heated according to the
manufacturing indication. Normally, the resin comes in large containers with more product than
needed for each vacuum infusion. Therefore, it is important to calculate the resin needed for
each process and separate it into individual containers. This helps to avoid exposing the resin to
multiple heating cycles. In addition to that, degasification is performed to remove all the air to

avoid any risk of air bubbles inside the produced parts.

e Mould cleaning: it is crucial to ensure that the mould is free of contamination and dust and
that the produced part can be removed easily. Three layers of mould cleaner are applied at 5-
minute intervals between each layer to achieve a clean surface. After the surface is dry, three

more layers of a mould release agent are applied at the same time intervals.
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Layup: reinforcement layers are placed according to the stacking sequence. Subsequently, a
layer of peel-ply and flow mesh is added to complete the stacking process, as illustrated in Figure
3.1. Peel-ply is used to facilitate removing the part from the mould, and flow helps the resin flow
throughout the reinforcement due to its high permeability. After placing the resin inlet and outlet
of the mould, the vacuum bag is placed on top; it is essential to mention that its dimension

should be bigger than the part to avoid any possible damage due to the tension inside the mould.

[Vacuum bag] [Flow mesh] [ Peel-Ply ] [ Plate ]

Inlet hose Outlet hose
/

l

[ Inlet Spiral ] [ Mould ] [Outlet Spiral]

Figure 3.1: Heated VARTM process [35].
Leak test: the procedure consists of several steps to ensure the integrity of the vacuum bag and
obtain high-quality parts in the vacuum infusion process. The first step is the initial leak test. At
room temperature, a vacuum pressure of 700 mbar is applied to the mould. Pressure data inside
the vacuum bag is collected for 10 minutes. If the pressure drop exceeds 20 mbar during this
period, it indicates a potential leak in the vacuum bag. In such a case, the bag needs to be
inspected for leaks. If a solution cannot be found, the bag should be removed and replaced with

a Nnew one.

Debulking: which involves cycling the pressure inside the vacuum bag at 950 mbar. This

process helps eliminate significant porosity between the fabrics, leading to better-quality parts.

Following debulking, a second leak test is performed. The mould is heated to the temperature
required for the vacuum infusion process (120 °C). After the resin's degasification, the final leak
test is conducted before the infusion begins. A vacuum of 700 mbar is applied to the mould while
it remains at 120 °C. Pressure data inside the vacuum bag is again collected for 10 minutes. If

the pressure drop exceeds 20 mbar during this period, it indicates a possible leak in the vacuum
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bag. In such cases, the bag should be inspected for leaks; if no solution is found, it must be

replaced with a new one.

e Resin impregnation: once the leak test is done, the next step is impregnating the fibres with

resin. This step is considered complete once the hose is fully filled with resin.

e Curing: the initial curing step involves increasing the mould temperature to the specified
temperature in the resin's datasheet. This temperature increase is carried out in stages, with
specific heating rates for each stage. In the first stage, the temperature is increased from 120°C
to 150°C, with a heating rate of 3°C per minute. In the second stage, the temperature is increased
from 150°C to 170°C, with a slightly slower heating rate of 2°C per minute. The third stage
begins once the second stage is complete, where the temperature is raised from 170°C to 180°C
at a rate of 1°C per minute. It is crucial to follow these heating rates to allow for proper thermal
expansion and avoid potential damage to the mould or resin. After reaching the final temperature
of 180°C, the temperature is maintained steady for 120 minutes. This maintenance period
ensures that the resin undergoes the necessary curing process to achieve the desired properties

and structural integrity.

By following these steps, the resin can effectively cure within the mould, resulting in a high-quality

final product with the desired mechanical properties.

e Demoulding: is performed when the resin is completely cured and the material reaches room

temperature.

Figure 3.2 shows a laminate produced using Heated-VARM method.
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Figure 3.2: Manufactured part using heated-VARTM process.

3.1.2. Stamping

Thermoset hot press process, here described, has several benefits, including the ability to produce high-
quality structural parts at a high rate, a fast-curing cycle, low energetic consumption, and it allows
automation. However, it requires expensive custom-made tools with excellent heat transfer capabilities
along the entire part contact surface, and the final quality depends on the mould design capacity. This

process involves several stages.

Firstly, the laminate preparation phase consists of laying up multiple unidirectional prepreg or fabric
sheets. Subsequently, the preform is created by shaping the stacked layers to achieve its nearly final
shape. The preform is then carefully positioned within a heated mould and placed in a press. The mould
ensures that the part conforms to the desired shape and undergoes complete curing and consolidation,
resulting in a fully formed component with the intended characteristics. Finally, the mould is opened, and

the demoulding process takes place, as illustrated in Figure 3.3.
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Epoxy Resin

) Cutting and Lay Up
Fibre Reinforcement

(Fabric/Fibres) Prepreg ‘

Preforming

Demoulding *

S

k)
1
1

-,
~,
~‘~~~ 2~
« ~~.,

Curing Transfer Preform

Figure 3.3: Thermoset Hot Press process [35].

At least, hot stamping process was also explored to manufacture composite in the context of the present

work. This process, illustrated in Figure 3.4, involves several main steps:

e Cutting and positioning the unidirectional tapes: the prepreg tape is cut and positioned
in this first step according to the stacking sequence. Ultrasonic spot welds maintain adhesion
between layers. Automatic tape laying can be used to perform this procedure or manually by an

operator. At the end of this step, a non-consolidated tailored layup is obtained.

e Blank consolidation: the second step involves consolidating the blank using a hot plate press.
Controlled pressure and temperature are applied to the laminate during this step. The
consolidation cycle requires a processing temperature above the material's melting point, and

the cooling of the blank must be carefully controlled.
e Mould preparation: includes applying a cleaner followed by a release agent.

e Blank heating: after the mould preparation, the blank is secured onto the blank holder, which
serves as a grip and transportation mechanism. The blank holder applies adjustable tension to
the blank, ensuring a plane-stress state. Subsequently, the transport system moves the blank
into an infrared oven, where heat is evenly applied to both sides of the blank. This elevated

temperature surpasses the melting point of the matrix material, causing it to lose its stiffness.
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e Forming: once the desired temperature is attained, the blank holder is directed towards the
mould. Once it aligns with the mould correctly, the press applies defined pressure to shape the
blank. It is essential to quickly transfer the blank to the press while maintaining its temperature.
However, the transfer process must also be smoothly executed regarding acceleration at the start
and end points to prevent any compromise in positioning. The quality of the final stamped part

is directly influenced by the blank holding force, holding time and tool closing speed.

e Cooling: depending on the materials used, a cooling ramp may be applied; if it is not necessary,

the mould is kept at room temperature.

o Demoulding: after finishing all processes, the manufactured component is extracted from the

mould through the demoulding procedure.

Automated Tape Laying Blank Consolidation

v

[ I
| —— S

Blank Heating

Cooling and Demoulding

% v

— e e —
—  — [— —
Forming Blank Transfer to the Press

Figure 3.4: Thermoplastic Hot Stamping process [35].

3.2. Raw and composite materials

In the present work, a mono-component epoxy resin (RTM6 [36]) in the form of a paste was used as

matrix to produce composites by heated-VARTM. RTM6 was specially developed for liquid composite
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moulding processes. This resin meets the aerospace standards requirements because of its high
mechanical properties. Furthermore, it is susceptible to temperature variations, meaning that a slight
increase in temperature results in a high reduction of the working window. The carbon fabric HiMax®
(HexTow® AS7)[37] was used as the reinforcement of the composite. As illustrated in Figure 3.5, the
HiMax® fabric is composed of the following sequence of layers: 1. AS7 carbon fibre aligned along a first
direction; 2. ECS 5.5 STs; 3. AS7 carbon fibre aligned along a second direction; and 4. polyester 20DTex

pillar stich lines.

Polyester 20DTex

pillar stitch lines

+45° AS7

Figure 3.5: HiMax® fabric sequence of layers [36].

A unidirectional (UD) thermoset prepreg was used to manufactured composites by hot press. The prepreg
consists in a high viscosity epoxy resin DT120 [38] as a base, reinforced by continuous high-performance
carbon fibres T1000 [39].

Finally, unidirectional (UD) prepreg thermoplastic tape was used to manufacture composites by hot
stamping process. Thermoplastic tape comprising carbon fibres material in a volume fraction of 58%
(resin weight fraction of 34%). the matrix can be consolidated in a press, and the tapes can be laid by
automated processes such as automated fibre placement (AFP) or tape laying (ATL). The typical
consolidation cycle refers to a temperature of 340-380 °C, applied pressure, and consolidation (holding).
Also, a 5-25 °C/min cooling rate is suggested to preserve the prepreg tape crystallinity.

According to the manufacturing processes previously described, three types of carbon composite
laminates were manufactured: Heated-VARTM, thermoset hot press, and thermoplastic hot stamping. All
laminates have the same thickness of 2.5mm.

A composite laminate is defined as the stacking of unidirectional plies with the same or different fibre
orientations. The plies can be made of the same or different materials with individual thicknesses. The
fibre orientation of each ply defines the stacking sequence with respect to the first axis of the laminate

coordinate system, Table 3.1 illustrates the stacking sequence used to manufacture the composite
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laminates. It is worth mentioning that thermoset hot press laminates were symmetric, as illustrated in

Table 3.1 by the symbol “s”.

Table 3.1: Stacking sequences.

Total thickness Ply thickness
Laminate Stacking sequence
(mm) (mm)

[0°/90°/0°/90°/45°/-45°/0°/90°/ -

Heated-VARTM 2.576 0.184
45°/45°/90°/0°/90°/0°]

[90°/0°/90°/45°/-45°/0°/90°/90°/Q°/-

Thermoset hot press 2.520 0.140
45°/45°/90°/0°/90°/0°/90°/0°/90°]

Thermoplastic hot [0°/90°/0°/90°/45°/-45°/0°/90°/45°/-

2.500 0.125
stamping 45°],

Table 3.2, 3.3, and 3.4, present a summary of the mechanical properties for thermoplastic hot stamping,

heated-VARTM and thermoset hot press, respectively.

Table 3.2: Summary of the mechanical properties for heated-VARTM material.

Standard Properties Unit Mean value STDv
Tensile strength — Ft% MPa 969 54
ASTM D3039 Modulus of elasticity — E€hoTd GPa 74 12
Poisson’s ratio — v - 0.04 0.01
Compressive strength — F¢# MPa 680 30
ASTM D6641
Compressive modulus — E€ GPa 60 4
In-plane shear stress — 7% MPa 174 3
ASTM D3518
Shear modulus of elasticity — G{rore GPa 31 0.2
I1SO 14130 Interlaminar shear strength — 1 MPa 48.1 3.4
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Table 3.3: Summary of the mechanical properties for thermoset hot press material.

Mean
Standard Properties Unit STDV
value
Tensile strength — Ff% MPa 254600 155.00
0°  Modulus of elasticity — Efhord GPa 140.00 5.00
ASTM
Poisson’s ratio — v4, - 0.36 0.04
D3039
Tensile strength — F¥ MPa 43.00 5.00
90° '
Modulus of elasticity — E53°™4 GPa 5.00 0.40
ASTM Compressive strength — F53' MPa 97.60 750
90° ' '
D6641 Compressive modulus — E, MPa 6.30 0.50
In-plane shear stress — 7% MPa
ASTM D3518 12 55.00 3.00
Shear modulus of elasticity — G20 MPa 3.20 0.10
ISO 14130 Interlaminar shear strength — T MPa 59.30 270

Table 3.4: Summary of the mechanical properties for thermoplastic hot stamping material.

Mean
Standard Properties Unit STDV
value
Tensile strength — Ff% MPa 1499.00 94.00
0°  Modulus of elasticity — ESore GPa 123.00 3.00
ASTM D3039 Poisson’s ratio — v, - 0.27 0.04
Tensile strength — F£¥ MPa 60.00 7.00
90°
Modulus of elasticity — ESpor® GPa 8.10 0.10
Compressive strength — F{1 MPa 769.00 60.00
OO
Compressive modulus — Ef; GPa 113.00 15.00
ASTM D6641
Compressive strength — F53 MPa 147.00 15.00
90°
Compressive modulus — E5, MPa 8.50 1.00
In-plane shear stress — 7% MPa 347.00 31.00
ASTM D3518
Shear modulus of elasticity — GyoT® GPa 4.10 0.04
ISO 14130 Interlaminar shear strength — ¢ MPa 94.60 2.10
ASTM D5528 Mode | interlaminar fracture toughness — G, k] /mm? 0.99 0.06
ASTM D7905 Mode Il interlaminar fracture toughness — G, k] /mm? 2.24 0.14
ASTM D5766 Open-hole tensile strength — EOHTY MPa 481.00 42.00
ASTM D6484 Open-hole compressive strength — EOHC MPa 337.00 32.00
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3.3. Adhesive and adhesive joints characterisation

A 3M™ Scotch-Weld™ (EC-9323) (see Figure 3.6) structural epoxy adhesive was characterized in the
present work and it was applied in several combinations of composite-to-composite adhesive joints. The
adhesive consisting of two-component epoxy paste EC-9323 B/A and EC-9323-150 B/A This adhesive
cures at room temperature or with mild heat to form a durable structural bond. It can adhere to a variety

of substrates, including metals, glass, ceramics, and plastics, such as GFRP and CFRP [41].
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Figure 3.6: A 3M™ Scotch-Weld™ (EC-9323) adhesive
This section presents the experimental program to characterise the adhesive and the bond strengths of

composite-to-composite adhesive joints through a series of six distinct tests. All tests are performed using

a tensile testing machine.

The experimental program comprises four tests dedicated to the characterisation of the adhesive: bulk
tensile test, (TAST) test, (DCB) test and (ENF) test. Besides, the experimental program comprises two
tests to characterize composite-to-composite bond strength: single lap joints (SLJ) test and floating roller

peel resistance test.

The Table 3.5 outlines the corresponding standards used for each test.
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Table 3.5: List of the standard used in the experimental program.

Test Standard

BTT IS0 527-2 [42]

TAST ISO 11003-2:2001 [24]

DCB ASTM D5528/D5528M - 21 [43]
ENF ASTM D7905/D7905M - 19¢1 [45]
suJ D5868 - 01 [46]

Floating Roller Peel Resistance ASTM D3167 - 10 [50]

Several combinations of adherends were considered, as shown in Table 3.6.

Table 3.6: Tests combinations.

Combinations
Test
Adherend 1 Adherend 2
Heated-VARTM Heated-VARTM
DCB Thermoset hot press Thermoset hot press
Thermoplastic hot stamping Thermoplastic hot stamping
Heated-VARTM Heated-VARTM
ENF Thermoset hot press Thermoset hot press
Thermoplastic hot stamping Thermoplastic hot stamping
Thermoplastic hot stamping Thermoplastic hot stamping
Thermoplastic hot stamping Heated-VARTM
SLJ Thermoset hot press Thermoset hot press

Thermoset hot press

Heated-VARTM

Heated-VARTM

Heated-VARTM

Thermoplastic hot stamping

Thermoset hot press

Floating Roller Peel

Resistance

Heated-VARTM

Thermoplastic hot stamping (Flexible)

Heated-VARTM

Thermoset hot press (Flexible)

Thermoset hot press

Thermoset hot press (Flexible)

Thermoset hot press

Thermoplastic hot stamping (Flexible)
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3.3 1. Tensile test

Bulk tensile test was conducted in the present work to determine the tensile properties of the adhesive.
Test was performed using bulk specimens (see Figure 3.7) with a dog-bone shape. The specimens were

manufactured according to the indications and dimensions of Standard ISO 527 [42], as illustrated in

Figure 3.7, the thickness of the specimen was 4mm.

170

'8

Figure 3.7: Bulk tensile specimen dimensions [mm].
Two moulds, presented in Figure 3.8, were used to fabricate the specimens, allowing to produce 12
simultaneously. Each mould is comprised of a metal base and a teflon top. The base is covered with a

teflon cover to facilitate the removal of the specimens after curing.

Moulds

Teflon top

Teflon cover

Figure 3.8: Moulds.
Mould preparation involved cleaning with acetone followed by the application of a demoulding agent to

facilitate removing the specimens after curing. The adhesive was manually applied in the mould cavities,
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and the mould was closed for curing. In the first attempt, the specimens were cured inside a preheated
muffle for 2 hours at 65°C, according to the manufacturer. However, the obtained results from the first
two specimens shows that the adhesive did not fully cure. After that, the curing time was extended from

2 to 24 hours at 65°C to ensure proper curing and avoid inaccurate results.

Figure 3.9: Application of the adhesive.

The specimens were tested using an MTS EXCEED MODEL E45 electromechanical testing machine
equipped with a 100 kN load cell at room temperature and a 1 mm/ min test velocity. Strain
measurement was undertaken using a video extensometer system — Model XT-104 (typical extension
resolution of 0.6 um and accuracy class B-2) — with a base length of 50 mm and 8 mm in the longitudinal

and transverse directions, respectively.
The test was done according to the next procedure:
1. Place gauge marks on the specimen at an equidistant from the midpoint.

2. Measure the width b to the nearest 0.1 mm and the thickness h to the nearest 0.02 mm at the

centre of each specimen and within 5 mm of each end of the gauge length.

3. Place the test specimen in the grips, taking care to align the longitudinal axis of the test specimen

with the axis of the testing machine.
4. Set and calibrate the video extensometer to the gauge length of the test specimen.
5. Set the speed of testing at Imm/min.

6. Record the force and the corresponding values of the increase of the gauge length and of the

distance between grips during the test.
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The I1SO 527-1 was considered to determine the tensile properties of the adhesive. Four properties are

calculated by this standard, the tensile elastic modulus (E), the failure stress (o), the failure strain (e),

and Poisson’s ratio, (v).

The tensile elastic modulus is calculated using equation (3.1).

E = (3.1)

Where E is the tensile modulus of elasticity, expressed in (MPa); o; is the stress, in (MPa), measured
at the strain value &; = 0.05%; and o, is the stress, in (MPa), measured at the strain value &, =
0.25%.

Failure stress (ay) is calculated by the ratio between the maximum load and the initial cross-section of

the specimen.

P
o = (3.2)

Where P is the maximum load, expressed in (N) and A is the initial cross-section, expressed in (mm?).

The failure strain & refers to the value of strain measured during a test that corresponds to the maximum

displacement supported by the specimen.
The Poisson’s ratio is calculated following the equation (3.3).
V=—-- (3.3)

Where v is the poison’s ratio, & is the strain in the longitudinal direction and, &; is the strain in the

transverse direction.

332  Thick adherend shear test

In TAST tests, the specimen was subjected to a tensile force, resulting in shear stress on the adhesive.
The load was applied using a universal-joints design device, illustrated in Figure 3.10, so that negligible

torque develops when force is applied to the specimen [24].
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Figure 3.10: Universal-joint device

The specimens were prepared according to the standard ISO 11003-2-2001 by bonding steel adherends
machined to the shape shown in Figure 3.11. Steel adherends were chosen because of their high
modulus. The bonded surface was carefully prepared to have cohesive failure inside the adhesive. The
bonding process was carried out securely within a frame, As illustrated in Figure 3.11 (a) that guarantees
the precise alignment of the adherends and simultaneously manufacturing of six specimens. To produce
a bond of well-defined shape and length, strips coated with a release agent of PTFE of thickness 1.5 mm
were inserted in the gaps between the adherends after applying the adhesive and before curing. These

strips were removed after the adhesive had cured.
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Adhesive application

(a) (b)

Figure 3.11: (a) manufacturing of the specimen and (b) detail of TAST specimen.

The test was done according to the next procedure:

L.

2.

Measure the temperature.
Measure the length [ of the overlap and the width b of each specimen to the nearest 0.1 mm.

Measure the thickness of the adhesive joint in the overlap zone at both ends and on each side of
the specimen with an accuracy of 0.01 mm. i.e., In our case, the bond thickness is obtained
from measurements, before bonding, of the thickness of the stepped ends of the adherends and

the thickness of the bonded specimen in the overlap region.

Record the average value of the four measurements.

Place the extensometer.

Perform the test with a speed of 0.5mm/min. Figure 3.12 shows TAST setup.

Record the force on, and the displacement of, the specimen as it is loaded to fracture.
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Figure 3.12: TAST setup.

The ISO 11003-2:2001 standard [24] was considered to determine the shear mechanical properties of

the adhesive.

The average shear stress T in the adhesive is given by equation (3.4).

_ P
" IXB

Where P is the force applied to the specimen, expressed in (N), [ is the bond length expressed in (m) b

T (3.4)

is the width of the specimen.

The shear strain (y) in the adhesive is given by the equation (3.5).

ClS
= 3- 5

Where d is the shear displacement of the adhesive t is the average adhesive thickness measured in the

overlap zone at both ends and on each side of the specimen with an accuracy of 0.01mm.

(3.6)
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Where d is the measured displacement, 7 is the average shear stress on the adhesive, t, is the
extensometer pin separation, t is the average adhesive thickness. G, is the shear modulus of the

adherend.

The shear modulus of the adhesive G is determined in the elastic portion of the ¢ — ¥ curves.

G=- (3.7)

333 Double cantilever beam test

The DCB specimen, employed to determining fracture toughness (G;.), comprises two rectangular
composite laminate plates of uniform thickness bonded using 3M™ Scotch-Weld™ (EC-9323) adhesive. A
PTFE tape insert is carefully placed between the two plates to introduce an initial crack. Subsequently,
opening forces are applied to the DCB specimen using hinges or loading blocks attached to the pre-
cracked end. The controlled opening displacement or vertical crosshead movement governs the opening
of the arms of the DCB specimen while concurrently monitoring the force applied and the progression of
crack propagation throughout the test. This experimental setup ensures accurate measurements and

allows for a comprehensive analysis of fracture behaviour in adhesive joints.

Figure 3.13: Double cantilever beam specimen.

The specimens used for testing were carefully extracted from a manufactured panel as illustrated in

Figure 3.14, which was constructed using two laminates of uniform thickness.

30



Chapter 3 | Experimental program

150

- 15

25
AN
ANENNEAN
ANENNEAN
AN
AN
ANENNEAN
AN
N N N

25
N N N
AN
AN
N N N
N N N
N N N
N N N
AN

25
N
A\
N
N
A\
N
N

N N
N N
N N
N N
N N
N N
N N
N N

180

25
N N N
N N N
AN
N N N
N N N
N N N
N N N
AN

25
N N N
N N N
N N N
N N N
N N N
AN
AN
N N N

25
A\
A\
A\
A\
N
A\
A\
A\

AN
AN
AN
N
AN
AN
N
AN

A\
A\
N
AN
A\
N
N

Figure 3.14: Test panel.
These laminates were joined using 3M™ Scotch-Weld™ (EC-9323) adhesive, ensuring a bond-line
thickness of 0.2mm and cured for 24 hours at 65°C. A steel wire measuring 0.2mm thick was employed
to guarantee the desired thickness during manufacturing. Pressure was applied on the panel to ensure

proper bonding. The specimen's dimensions are presented in Figure 3.13.

Figure 3.15 shows the manufacturing of the specimens, more specifically, the application of the adhesive.
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Figure 3.15: Specimen manufacturing (adhesive application).
After manufacturing the specimens, the adhesive thickness was measured using a microscope as a first
step. The result shows that the thickness varies from 0.2 to 0.4 mm, which reveals the difficulty in
guaranteeing the thickness, even using steel wires and applying pressure (0.014MPa), as widely used in
literature. Figure 3.16 shows an example of a thickness value taken using the microscope. It's also
possible to observe the starter foil located in the middle of the adhesive (d), but in (c), it is placed near

the edge, showing the difficulty in producing the DCB specimens.

The measurement setup for the test involved several important considerations. For crack length
measurement, there are several options available. One approach is to use a travelling microscope.
Alternatively, visual measurements aided by optical lenses could be employed or digitally captured images
using a video extensometer or DIC (digital image correlation) setup. Our test adopted a video

extensometer indicating its accuracy in providing reliable results.
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(c) Position of the PTFE tape near to the edge (d) Position of the PTFE tape inside the adhesive

Figure 3.16: Procedure for the measurement of adhesive thickness

Bonding the piano hinge began by marking the bonding area on the joint edge and placing masking tape
to guide the surface preparation. The surface was then abraded using 220-grit sandpaper as illustrated

in Figure 3.17, ensuring the removal of the matrix surface layer without damaging the carbon fibres.

After the tape was removed, a solvent-soaked cloth was used to wipe away the dirt on the joint edge and
the piano hinge surface. Next, masking tape was applied around the specimen edges to define the
bonding area clearly. The adhesive was applied evenly on both surfaces. It was crucial to ensure proper
alignment of the piano hinge and prevent any slipping during the bonding and curing process, as
illustrated in Figure 3.18. This ensured that the force could be introduced along a straight line. Once the
adhesive was applied, residual adhesives along the sides were carefully removed using a sharp knife.
Following these steps, the piano hinge was securely bonded to the joint edge while maintaining alignment

and preventing any damage.
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Figure 3.17: Surfaces after preparation.

Figure 3.18: Hinges adhesion.

A microscope was used to measure the pre-crack length, denoted as a,, referring to the red lines shown
in Figure 3.19. Next, a thin layer of white correction fluid on both sides of the crack was applied. This
coating facilitated the measurement process. After the layer had dried, vertical lines at regular intervals

of 1mm were marked as illustrated in Figure 3.20. These marked lines provided reference points for

measuring the crack length precisely.
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Figure 3.19: Pre-crack length [43].

The test was executed according to the procedure described in the standard ASTM D5528/D5528M -

21, [43] following these steps:

L.

2.

Load the specimen at a constant crosshead rate 2 mm /min.

Record the force and displacement continuously or at frequent and regular intervals during the
initial and reloading cycles; a sampling rate of 5 Hz or greater and a target minimum of 500 data

points per loading cycle are recommended.

Check for crack length, which should be between 3 mm to 5 mm beyond the initial insert. If the
unstable crack is less than 3 mm, continue loading so the crack length is between 3 mm and 5
mm. However, loading should be stopped if the unstable crack length is higher than 5 mm. Crack

length outside of the 3 mm to 5 mm range should be noted in the report.

If the unstable crack is less than 3 mm, continue loading such that the crack length is between

3 mmto 5 mm.

If the unstable crack length is higher than 5 mm, loading should be stopped. Crack length outside

of the 3 mm to 5 mm range should be noted in the report.

Unload the specimen at a rate of 25 mm/min to 50% of the previously reached load during the
initial loading stage while continuously recording the load-displacement values. (Pause the

unloading at 50%).

Using an optical microscope, measure the crack length a,; on both sides. Mark the crack tip

position on both sides. if the difference is more than 2 mm, record and report it.

Unload the Specimen until the opening force is zero. (Do not zero the displacement reading at

any test stage.)
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9. Reload the specimen at a constant crosshead displacement rate of 2 mm/min.

10. On reloading, record the crack length values as many values as possible for the first 10 mm,

along with the corresponding load and displacement values.

11. Continue taking crack length values along with force and displacement until the crack reaches

30 mm.

12. Finally, unload the specimen at a constant crosshead rate of 25 mm /nin. Pause the unloading
at approximately 50 % of the force reached at the end of the test and measure the crack length

on both sides. If it varies more than by 2 mm, report in the report.
13. Unload the specimen to the original displacement position.

14. Negative force indicates permanent deformation of the adherend or any other damage. Check

with the flat surface for residual curvature.

15. After completing the test, open the specimen to observe the failure. Note down the failure mode

and take images of the fracture surface using a professional camera.

Figure 3.20: Setup of the DCB test.

For the calculation of G, the standard provides three methods: compliance calibration method (CCM),
modified beam theory (CBT), and modified compliance calibration method (ECM). The three data

reduction methods were evaluated during round-robin testing, and the G, values determined from each
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method differed by no more than 3.1 % [44]. The main distinction between the presented methods lies
in the process of determining the slope of the compliance plot in relation to the length of the crack. The
specimen compliance, C; corresponds to each crack length, a; recorded during fracture testing is

determined using the equation (3.8):

c.8 (3.8)

Where & is the load-point displacement, and P is the applied force. The first two compliance values,
corresponding to a, and a4, are determined from the critical forces and the corresponding critical
displacement values. Compliance values for all propagation points are determined using force and

displacement values corresponding to the visually observed crack growth.

Sometimes, the force-displacement curves of non-precracked (NPC) and precracked (PC) specimens may
show some initial nonlinearity due to the way they are loaded or seated. To fix this, the displacement
values must be shifted such that the linear fit to the initial part of each curve passes through the origin.
This is to be performed by subtracting the displacement value of the nonlinear region (represented by

6y .) from all recorded displacement values.
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Figure 3.21: Load displacement trace from DCB test [43] .

The governing equation for calculating G;.according to the compliance calibration method:

_mP4. F
Ie™ 2ba N

(3.9)

37



Chapter 3 | Experimental program

Where P., §., b, and a are the load, displacement, width, and crack length in each stage of the test,
respectively. The m value is calculated through the slope of % vs a, in logarithmic scaling as illustrated

in Figure 3.22.

m = Ay/Ax ’\
a
log <E> a 2\ dy
N N
a, Ax
N
log (a)

Figure 3.22: Compliance calibration [43].
F is a parameter that corrects for the effects of large displacement at fracture, while N is a parameter
that accounts for large displacements and fracture and for stiffening of the specimen by the piano hinges:

3 /8.\* 36t
=1 (=) —2 (== (3.10)
F=1 10<a) 2<a2)

ver-(5) - ()56

The correction factors (F and N) that have been mentioned will also apply to the other theories. Their

nomenclature will remain unchangeable for the other two methods.

The second method, known as the Modified Beam Theory (MBT), calculates G;. by assuming a perfectly

built-in double cantilever beam in the beam theory as presented in Equation (3.12.

_ 3R4,
Ie ™ 2ba

However, this approach tends to overestimate G;. because it does not consider the rotation of the

(3.12)

specimen during testing. To address this singularity, the double cantilever beam can be treated as if it
had a slightly longer crack, denoted as a + |A|, where A is a crack correction. The value of A is

determined experimentally by generating a least squares plot of the cube root of the normalised

1
compliance, (C/N)3, as a function of crack length a as illustrated in Figure 3.23. This plot includes the

observed crack initiation values as well as all the propagation values.
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Figure 3.23: Modified beam theory [43].

The G, according to the modified beam theory method is calculated using the equation (3.13):

3P.5,

F
—__ 2% (3.13)
Gie 2b(a+ |A]) N

The final method is the Modified Compliance Calibration (MCC) method, where the relation between crack

length and compliance is established as follows:

a 1
- = A,C3 (3.14)

1
Where 4 is the thickness, and A; the slope of the plot % = f(C3), as illustrated in Figure 3.24.

The plot is generated using the visually observed crack initiation values and all the propagation

values.

a/h a

Figure 3.24: Modified Compliance Calibration [43].

The G, according to the compliance calibration method is calculated using the equation (3.15):
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2
. 3P*(C/N)3 - (3.15)
fe 2A,bh

3.3.4. End-nofched flexure test

The end-notched Flexure (ENF) test is a practical and widely employed method for characterising fracture
toughness in mode Il. It presents many advantages, including its simplicity, relatively straightforward

specimen preparation, and the capability to provide precise measurements of Mode Il fracture toughness.

ENF specimens, commonly employed for determining mode Il fracture toughness G;;. in adhesive joints,
comprises two rectangular composite laminate plates of uniform thickness bonded using an epoxy-based
adhesive. A PTFE insert is placed between the plates to introduce an initial crack. Subsequently, forces
are applied to the specimen through an ENF fixture under displacement-controlled loading. In this work,
Fracture thoughness in mode Il (G;.) is obtained using the compliance calibration (CC) method according

to ASTM D7905/D7905M-19 [45].
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Figure 3.25: ENF specimen, Fixture, and Dimensions [45].
In this work, the specimens used for determining G;;. were carefully extracted from the manufactured
composite panels illustrated in Figure 3.26. constructed using two carbon fibre laminates of uniform

thickness 2.5mm.
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Figure 3.26: Composite panel.

These laminates were joined using 3M™ Scotch-Weld™ (EC-9323) adhesive, ensuring a bond-line
thickness of 0.2mm and cured at 65 degrees for 24 hours, pressure of 0.014 MPa was applied to ensure
proper honding. A steel wire measuring 0.2mm in thickness was employed to guarantee the desired

thickness during the manufacturing process. The test's dimensions are shown in Table 3.7.

Table 3.7: Test's dimensions.
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Several options are available for crack length measurement, similar to the DCB test. One option is to use
a travelling microscope. Alternatively, visual measurements aided by optical lenses could be employed,
or digitally captured images using a video extensometer or DIC (digital image correlation) setup. Our test

adopted a video extensometer on literature, indicating its accuracy in providing reliable results.

The risks associated with adhesive testing include various factors that can lead to failure or inaccurate
results. One such risk is the possibility of failures other than cohesive, such as adhesive failure or the
failure of the adherents. The pre-moisture and curing conditions can also impact the adhesive, affecting
its overall performance. Another risk is the potential for permanent deformation of the adherends, which

can compromise the integrity of the adhesive joint.

To ensure accurate measurements, it is essential to consider the measuring technique and loading fixture.
The machine stiffness calibration, which involves determining the stiffness of the testing equipment, must
be properly performed. Misalignment of the specimen in the supports and load line within the loading
fixture can introduce errors and should be carefully addressed. During specimen mounting, it is important
to verify that the loading and support rollers are aligned parallel to each other. This alignment guarantees
consistent loading conditions. Additionally, the longitudinal direction of the specimen should be
perpendicular to the direction of the rollers. Manual adjustment of the moving crosshead should be
performed until the loading roller contacts the specimen, ensuring proper positioning within the testing

setup.

It is important to mark the specimens on their lateral edges and support rollers with a vertical line to
facilitate the positioning of the specimens in the testing machine. This marking can assist in accurately

aligning the specimens during testing.

Specific measurements need to be taken. Each specimen's width (£) should be measured at three points
corresponding to the contact locations of the three rollers. Additionally, each specimen's thickness (2/)
should be measured at six points, with two measurements at each previously determined width

measurement point (one on the left side and one on the right side).
For every specimen, two experimental procedures are required:
e Three experimental procedures with NPC (2 CC tests and 1 Fracture test (FT)).

e Three experimental procedures with PC (2 CC tests and 1 Fracture test FT).
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After the test's completion, two fracture toughness values will be measured: one from the NPC and one

from the PC specimen.
The loading and unloading rate for (CC) and (FT) tests is 0.5mm/min.

A light coating of white spray paint was applied to the specimen edges. This facilitates the visual detection
of the crack tip and in making (CC) markings. Once the paint was dried, the insert tip was marked with a

thin vertical pencil line. The edges were then marked with three vertical compliance calibration markings,

within the cracked region, at distances of 20, 30, and 40 mm from the tip of the insert as illustrated in

Figure 3.27.

Figure 3.27: Compliance calibration markings on the ENF specimen.

The NPC compliance calibration was done according to the next procedure:
1. Calculate the peak CC forces P1 and P2 for a = 20mm and a = 40mm respectively.

2. Place the specimen in the fixture so that the farthest CC mark is aligned with the centre of the

roller. The first CC test is then performed with a crack length, a = 20mm.

3. Perform the compliance calibration tests by loading the specimen up to the 50% of the peak CC
force for a = 20mm (P1/2) and then unloading. record the force and deflection data
continuously or at frequent and regular intervals during the loading portion only; a sampling rate

of 5 Hz or greater and a target minimum of 500 data points per test are recommended.
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6.

After the completion of CC test for a = 20mm, reposition the specimen in a way that a =
40mm i.e., so that the CC mark that is closest to the cracked end is aligned with the centre of

the support roller at the cracked end.
Perform the NPC CC test to the 50% of peak CC force for a = 40mm (P2/2)

Unloading the specimen in the same way as for the NPC CC test for a = 20mm.

after finishing the NPC CC test, the NPC FT was performed following these steps:

7.

10.

Reposition the specimen in the fixture so that a = 30mm. This corresponds to placing the

centre CC mark over the centre of the support roller that is at the cracked end.

Load the specimen until the debonding advances, as seen by a visual assessment on the

specimen or by a drop in force on the force versus displacement plot.

Unloaded the specimen at a constant rate of 0.5mm/min. the force and displacement data are
to be recorded continuously or at frequent and regular intervals during the entire test; a sampling

rate of 5 Hz or greater and a target minimum of 1000 data points per test are recommended.

Calculate a.q;. from the NPC FT unloading data as shown in the data reduction section.

The second experimental procedure follows the same steps as the first. The PC CC test was executed as

follows:

L.

2.

Make new PC CC markings at a distance of 20, 30 and 40 mm from the aq;.-

Perform PC CC tests for a=20 mm and 40 mm and PC FT for a = 30mm, similarly to the case

of NPC CC and NPC FT.

The compliances from two different crack lengths are obtained by appropriate placement of the
specimen in the fixture. The first CC test is performed with a = 20mm and the second with

a = 40mm. This is performed using the PC CC markings.
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Figure 3.28: PC Markings [45].
After finishing the NPC CC test, the NPC FT was performed following these steps:

1. Reposition the specimen in the fixture so that a = 30mm. This corresponds to placing the

centre PC CC mark over the centre of the support roller at the cracked end.

2. Load the specimen until the debonding advances, as seen by a visual assessment on the

specimen or by a drop in force on the force versus displacement plot.

3. Unload the specimen. The force and deflection data are to be recorded continuously or at
frequent and regular intervals during the loading portion only; a sampling rate of 5 Hz or greater

and a target minimum of 750 data points per test are recommended.
4. Reload the sample until failure, then open the specimen and capture the failure surface images.

The calculation of G;.comprises three steps: calculation of NPC CC and PC CC coefficients,

determination of Candidate Toughness and assessment of the Candidate Toughness.

NPC CC coefficients are calculated by Plotting the three compliances from the NPC test versus crack
length cubed. The three compliances are those from the two CC tests (at a = 20 and a = 40mm) and
the fracture test (Cy, which is at crack length a = 30mm). At each crack length, the compliance is
calculated by a linear least squares regression analysis to obtain the slope of the displacement versus

force (& versus P) data.
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For the two CC tests, the regression analysis (curve-fit) includes all data for which the force is greater
than or equal to 90 N, including the peak force used during the test. The 90 N force is chosen to be

sufficiently large such that the curve-fit excludes any data affected by an initial nonlinearity Figure 3.29.
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Figure 3.29: lllustration of Compliance and Maximum Load Point Determination [45].

For the fracture test, the regression analysis (curve-fit) includes all data for which the force is greater than

or equal to 90N and less than or equal to 50 % of the maximum force from the fracture test.
The CC coefficients, A and m, are calculated using a linear least squares linear regression analysis of

the compliance, C, versus crack length cubed a® data of the form:

C =A4+ma? (3.16)
Where A is the intercept and m is the slope obtained from the regression analysis. The correlation

coefficient, 2, for the curve-fit is also calculated.

Note that the precracked CC Coefficients PC CC coefficients are calculated the same way as the NPC CC
coefficients, except that the three compliances from the PC test and their respective crack lengths are to

be used.

Then, A candidate toughness, Gy, is calculated and checked for validity. If it is valid, then:
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Gie = Gy (3.17)
Otherwise, the results from the test are discarded (in which case G, is generally used to modify the CC

forces for subsequent testing). The NPC and PC candidate toughness is calculated using:

_ 3mPriax (3.18)
@ 2B
Where m is the CC coefficient, P,,4, is the maximum force from the fracture test, a, is the crack length
used in the fracture test, and B is the width of the specimen. When calculating the NPC G, these

parameters are taken from the NPC CC and fracture tests. When calculating the PC G, they are taken

from tests of the PC.
The NPC and PC candidate toughness is evaluated by calculating the percentages of G, (%G,) achieved
during compliance calibration.

2
wG. = [L0EE | (3.19)
QJ (Pmaxao)2 ’ ’

Where %G, ; are the two values of G, associated with the two compliance tests, By,q, is taken from
the fracture test, P; is the peak value of the force achieved during CC at a;, and a; is the jt" crack length
used during CC. For each NPC and PC test, the two values of %G, are computed at a; = 20mm and
a, = 40mm. If both values satisfy 15 < %G, < 35, then the candidate toughness is accepted, therefore:

Gie = Gq (3.20)

3.3.5. Single-lap joints test

The lap shear test described in ASTM D5868 — 01 (2014) [46] was used for measuring the bonding
characteristic of adhesives used in joining composite to composite. This standardised method applies to
random and fibre-oriented composite materials, making it flexible in assessing various bonding cases.
One of the key advantages of this test method is its ability to generate comparative data on the apparent
shear strength of joints formed with different composite materials. Consequently, it facilitates the
comparison of composite surface treatments, enabling the evaluation of the effectiveness of different

techniques in enhancing bonding characteristics.

The specimens used in the test were fabricated following the guidelines outlined in ASTM D5868 - 01

(2014). Composites laminates were employed to manufacture these specimens and subsequently cut
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into flat coupons measuring 25 by 100 mm, with a specified thickness of 2.5 mm. To prepare the surface
of the laminate, the recommended method suggested by the adhesive manufacturer was implemented,

which involved roughening and cleaning the surface thoroughly.

In the case of thermoplastic adherents, two surface treatments were employed to determine the most
suitable option for using a thermoplastic matrix. These treatments included grinding with sandpaper and
sulfuric acid. The objective was to assess the effectiveness of each treatment and identify the optimal

approach for enhancing adhesion in thermoplastic applications.

Figure 3.30: SLJ Specimen.

To ensure proper application, the adhesive was applied according to the recommendations provided by
the adhesive supplier. Additionally, to guarantee the thickness of the adhesive bondline, glass beads with
an intended thickness of 0.76 mm were employed. The lap shear overlap, denoting the area of overlap
between the bonded specimens, was standardised at 25 by 25 mm. Five lap shear specimens in each
case presented in Table 3.6 were manufactured. Specimens were named using the nomenclature PXX,

with XX is the specimen number.

The testing machine features self-aligning grips specifically designed to securely hold the specimens in
place during the test, effectively preventing any slippage. Furthermore, the tensile machine employed in
this study could apply a loading rate of 13mm/min, adhering to the recommended guidelines established

by the relevant standard.
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Figure 3.31: Testing setup.

The test was done according to the procedure described in the standard ASTM D5868 — 01 (2014),

following these steps.
1. Mount the specimen making sure that the sample is fixed between the grips.
2. Load the specimen at a rate of 13 mm/min.

3. Open the specimen and capture the failure surface images (such as fibre tear, cohesive, and

adhesive).

3.3.6. Floating roller peel test

The floating roller method, widely employed as a quality control test and for determining peel strength in
the aeronautical industry [47], defines the resistance of high-strength adhesive bonds between rigid

adherend and flexible adherend.

In this study, the influence of the adherend on the peel strength of a toughened adhesive is experimentally

investigated using the floating roller peel test. The main purpose is to evaluate the peel resistance of

50



Chapter 3 | Experimental program

bonded joints when subjected to peeling loads. It is also intended to make a comparison between

composite-composite joint performance.

The specimens used in this test were obtained from bonded panels. These panels consisted of two
adherends as illustrated in Figure 3.32 and Figure 3.34, with the rigid adherend having a nominal

thickness of 2.5mm and the flexible adherend having a nominal thickness of 0.5mm.

Flexible

Figure 3.32: Example of flexible and rigid adherends.

To ensure the integrity of the bonding process, careful preparation of the adherends was conducted
according to the recommendations provided by the adhesive manufacturer. Surface preparation of the
adherends involved employing sandpaper to prepare the surfaces, followed by cleaning using acetone-
soaked microfiber cloths. This procedure aimed to eliminate any potential sources of contamination that

could compromise the peel strength of the bonded joint.
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Figure 3.33: Pressure application.
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Figure 3.34: Floating roller peel test specimen configurations.
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A specific segment measuring 31mm of the rigid adherend was masked using PTFE tape release film to

create an unbounded area within the specimens.

Figure 3.35: Unbounded area.

After the bonding stage, the specimens were cured at room temperature for 24 hours. A specific pressure
was applied throughout this period to ensure proper bonding between the adherends, as illustrated in
Figure 3.33. The specimens were subjected to a post-curing phase at 65°C Celsius for 24 hours to

guarantee complete adhesive curing. Finally, specimens were cut, as illustrated in Figure 3.36.
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Figure 3.36: Specimens after cutting.

The test procedure is presented in the following steps.

1. Insert the test specimen into the peel test fixture as shown in Figure 3.37. The test accessory
is attached to the upper grip while the flexible adherent of the specimen is attached to the

lower grip.

2. Peel the specimen at 125 mm/min bond separation rate by applying the load at a constant

crosshead speed of 125 mm/min [47] [48] [49].

3. During the peel test, make an autographic recording of load versus crosshead movement

(load versus distance peeled).

4. Record the load over at least 76.2 mm length of the bond line, disregarding the first 25.4

mm of peel.

According to the ASTM D3167 [50] standard, at the end of the floating roller peel test, the
following data must be reported: Average, maximum, and minimum peeling load values for each
individual specimen and the average peel strength in N /mm of width for each combination of

materials and failure modes. To determine these parameters, the standard specifies that the first
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25.4 mm of crack propagation must be ignored, and at least 76.2 mm of propagation must be

analysed.

Figure 3.37: Testing setup
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4. EXPERIMENTAL RESULTS

4.1. Tensile test

Figure 4.1 shows tensile stress-strain curves of 3M™ Scotch-Weld™ (EC-9323) epoxy adhesive. As it is
possible there is high repeatability of the results. The slight difference between the curves in terms of
failure strain, as illustrated in Figure 4.1, can be explained by the presence of small fabrication defects

in the specimens that could compromise the full ductility of the specimen to develop [51].

Stress (MPa)

Strain (%)

Figure 4.1: Stress-strain curves of bulk specimen (3M™ Scotch-Weld™ (EC-9323)).
The failure mode exhibit voids in some specimens and a smooth surface in others, as shown in Figure
4.2. As the results reveal, it is confirmed that one of the problems of producing bulk specimens is the
difficulty of manufacturing them without defects [22]; more attention should be given to the manufacturing

process to avoid any defect that may compromise the result of future test.
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Smooth
surfaces

(a) (b)

Figure 4.2: (a) Failure surface with voids and (b) Smooth failure surface.
Table 4.1 presents the individual and average tensile properties of the adhesive. The mean failure stress
was gy = 27.53 + 1.36 MPa with a small coefficient of variation of 4.9%. The obtained mean value
of & = 4.54 + 0.79% with a coefficient of variation of 17.4% and for E = 1275 + 88.89% with a
coefficient of variation of 6.97%. No information is available in the datasheet for all tensile properties to

compare.

Table 4.1: Tensile mechanical properties.

Specimen E [MPA] o [MPA] & [%] 9
1 1238.00 26.15 3.57 0.42
2 1331.00 26.37 4.38 0.41

3 1389.00 27.44 5.07

4 1200.00 28.28 5.56 0.39
5 1176.00 29.42 4.10 0.42
Mean value 1275.00 27.53 4.54 0.41
STDV 88.89 1.36 0.79 0.014
COV (%) 6.97 4.90 17.40 3.41

4.2. Thick adherend shear test

Figure 4.3 present the stress-strain curves obtained from TAST testing. High repeatability between the
specimens is observed regarding shear strength and shear failure strain. However, looking at the curves
it Is possible observe that, after the linear part, there is a deviation. This deviation could be due to several

reasons, including material properties, testing conditions, specimen geometry, specimen preparation,
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adhesive curing state or defect. It is worth mentioning that three results were lost out of the six specimens

tested due to a technical issue during testing.

30

25

Specimen 1
Specimen 2
= Specimen 3

2

0 5 10 15 20 25 30 35 40 45 50
e (%)

Figure 4.3: Stress-strain curves of the TAST specimens.
All TAST specimens experienced an adhesive failure, and the topology of the fractured surfaces was
identical as illustrated in Figure 4.4. According to the standard, an adhesive thickness between 2 and 8
mm is recommended. From our test results, we recommend using an initial gap (space between
adherends) close to 2 mm. This initial gap gives more flexibility regarding the surface treatment to avoid

an adhesive failure.

Figure 4.4: Adhesive failure of a TAST specimen after testing.
The shear properties of the adhesives (shear modulus, shear strength, and shear failure strain) are

determined from the shear stress-strain curves. Table 4.2 presents the adhesive's individual and mean
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values shear properties. The results of the TAST test gave a mean value of 7, = 28.08 £+ 0.92 MPa

with a small coefficient of variation of 3.27% which agreed with the value given by the manufacturer
(27 MPa). The obtained value of y; = 28 + 3.2% with a coefficient of variation of 11.4% and for G =
308 + 15.7MPa with a coefficient of variation of 5.1%.

Table 4.2: Shear mechanical properties.

Specimen G [MPa] 77 [MPa] Y
1 291 27.18 0.32

2 314 29.02 0.27

3 321 28.04 0.26
Mean value 308 28.08 0.28
STDV 15.7 0.92 0.032
COV (%) 5.1 3.27 11.4

4.3. Double cantilever beam test

Figure 4.5 shows the force-displacement curves of the DCB tests. Initially, with the linear increase of P,

the energy stored in the specimen increases as well until it equals G, [51].
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Figure 4.5: a representative Force-Displacement curves of DCB testing.
Once the crack starts to propagate, there is a relaxation of P corresponding to the crack progression at a

constant value of tensile strain energy release rate G; [52]. A good agreement was found in the elastic

stiffness and during damage propagation.
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Figure 4.6: E-Modulus during crack propagation.
The R-curves were calculated for all specimens. These curves relate to the evolution of G; with a or a.,
and show the crack propagation with a steady-state value of G;. However, some experimental fluctuation
occurred in the case of the infusion specimen as shown in Figure 4.7 , which can be explained by the
changes in crack propagation, or it can be related to adhesion problems, defects, or interlaminar failure
in the specimens for this configuration. Also, it should be mentioned that, in the toughened adhesive used

in our work, at the onset of crack propagation, progressive toughening occurs through plastic deformation,

potentially resulting in microfissures [52].
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Figure 4.7: R-curves of a representative DCB specimen by CCM, CBT and ECM
Following the tests, the failure surfaces of the specimens were documented. The results, illustrated in
Figure 4.8, reveal a consistent failure mode across all specimens. Firstly, in the case of Heated-VARTM
specimens, a distinctive pattern happened. The crack initiation occurred within the adhesive, progressing
cohesively until reaching a crack length of 70mm. Beyond this point, the failure mode transitioned to a
fibre tear within the adherend. It is worth to mention that within this combination, one specimen diverged
from the norm, demonstrating a comparatively shorter propagation of cracks within the adhesive layer.
ultimately, the test provided a valid result regarding G;. ypc @and Gj. ypc- However, the propagation

values may not be representative, due to the failure mode experienced during the test.

The thermoplastic hot stamping specimens consistently showed adhesive-based failure, characterised by
developing crack patterns distinct from those observed in thermoset hot press specimens. Despite the
relatively smooth crack propagation, instability occurred at the crack onset, with crack lengths exceeding
bmm—a critical observation warranting reporting. To conclude, it is essential to exercise caution when

interpreting results derived from this test.

Parallel to these results, the thermoset hot press specimens exhibited an adhesive failure, as illustrated
in Figure 4.8, with unstable crack propagation accompanied with a big drop in load displacement curve,
which led us to non-valid test. We concluded that extra care should be taken when treating the surface

and recommend using 60 to 80 mesh sandpaper for optimal results.
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(a) (b) (c)

Figure 4.8: Representative DCB specimens after testing (a: Heated-VARTM, b: Thermoset hot press
and c: Thermoplastic hot stamping).
Table 4.3 shows the values of G;. obtained by the different data reduction methods described above,
showing the consistency of results between the three methods in the case of Heated-VARTM but

noticeable different results in the case of thermoplastic hot stamping, which can be related to the unstable

crack propagation and the adhesive failure.
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Table 4.3: NPC and PC interlaminar fracture toughness in mode |.

Specimen GicU/m?)
NPC PC
CBT ECM ccM CBT ECM  CCM
1 - - - - - -
2 9724 13951 13511 14866 21097 2118
3 i i i 16577 17207 15535
"",:;‘Te:n' 4 12681 1308 12377 1291 13096  1310.1
5 15051 15393  1461.6  1709.1 17348 17432
6 12448 13263 11594 1543 16243 14747
Mean value 12476 1392175 130245 1537.48 169982 16812
STDV 21792 105 13210 16376  286.19  309.34
COV (%) 17.46 75 10.14 1065 1684 184
1 - - - - -
2 5.5 60.7 537 64.1 658 755
3 49.1 53.6 494 53.2 55.1 65.1
4 727 96.2 76.4 794 1015 1329
Th"oetr:t‘::::is::’ 5 60.9 60.2 59.7 733 724 737
6 : } } } }
Mean value 5955  67.68 59.8 67.5 737 868
STDV 10 1928 1184 1142 1985 3101
COV (%) 1679 2842 1979 1691 2690 5371

4.4, End-notched flexure

Figure 4.9 shows representative load-displacement curves from the ENF FT tests. Consistent results were
found between specimens in terms of peak load, although in the case of “Specimens 1 and 2", as
illustrated in Figure 4.9, the maximum load was lower than the rest. The CC forces affect whether the
candidate toughness is valid; these forces are directly related to the Gy, and G;¢. To conduct the test,
we need an initial value for these parameters. Specimens 1 and 2 are considered as “exploratory”.
Generally, the value of G, calculated from the first specimen is not valid; this value of G, is used with a

new value of G to calculate the new CC forces.
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After reaching the peak loads, the load starts to decrease; this first part corresponds to the interesting

part of the ENF tests, in which G;;. is measured. Later, the load increases again when the FPZ reaches

the vicinity of the loading cylinder [51]. Similar observations made by J. P. R. Monteiro et al. [51].
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Figure 4.9: Load-Displacement curves of the ENF specimens.
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Table 4.4 presents the individual and average Gj;. of thermoset hot press, Heated-VARTM, and

thermoplastic hot stamping specimens. The results of the hot press ENF test a value of Gjc npec =

5.28 + 0.54 k] /m?with a coefficient of variation of 10.34%. The obtained value of G, pc = 5.12 +

0.32 kJ/m? with a coefficient of variation of 6.34%.
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Table 4.4: NPC and PC interlaminar fracture toughness in mode II.

Specimen G e (kJ/m?)
NPC PC
1 4.37 5.19
2 5.03
3 5.73 5.61
4 5.29 4.6
5 5.08
Thermoset hot press P 527 511
7 5.93 5.18
Mean value 5.28 5.12
STDV 0.546 0.325
COV (%) 10.34 6.34
1 5.12 4.51
2 5.24 3.66
3 4.48
4 4.66
Heated VARTM 5 5.16 4.27
6 4.86 4.3
Mean value 4.97 4.28
STDV 0.311 0.381
COV (%) 6.23 8.87
1
2 2.50 1.76
3 2.88 1.53
4 2.71 1.58
Thermoplastic hot 5 5 81 L7
stamping 6 5o
Mean value 2.73 1.61
STDV 0.165 0.102
COV (%) 6.04 6.33

Similar results were found in the case of the infusion test, G,;c ypc = 4.97 + 0.31 k]/m?with a
coefficient of variation of 6.23%. The obtained value of G;;. pc = 4.28 + 0.38 k] /m? with a coefficient

of variation of 8.87%.
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The failure surfaces show a cohesive failure in the first two cases (Thermoset hot press and Heated-
VARTM). In the case of thermoplastic hot stamping, the obtained values were lower than in the other
cases; this can be explained by the fact that the failure was adhesive as illustrated in Figure 4.10, so it is

more of an interface property than adhesive property.

Figure 4.10: Adhesive failure of Thermoplastic specimen.

4.5. Single-lap joints test

The results of the single lap joint experiments provide a clear idea of the performance and strength of

various materials combinations and treatments. Table 4.5 shows the single lap joints test results.

In the case of the “Thermoplastic hot stamping/Thermoplastic hot stamping” combination, mechanical
and chemical treatments of the surface were tested. The mechanical treatment specimens demonstrated
adhesive failure, with maximum load values ranging from 8.71 kN to 10.47 kN. The chemical treatment
specimens also experienced adhesive failure, Figure 4.11a, with maximum load values ranging from
4.14 kN to 5.49 KN. These results highlight the importance of considering the specific treatment
method when working with a thermoplastic matrix, a treatment with thicker mesh sandpaper between 60
and 80 is recommended. In conclusion, mechanical and chemical treatments impact the strength of

adhesive bonds.
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Table 4.5: Single lap joint test results.

: Average cov
Combination Specimen Failure mode Mammku;vn Load STDV o
[kN] [kN] (%)
PO1 Adhesive 10.47
Mechanical P02 Adhesive 10.18 9.79 0.94 9.60
treatment
Thermoplastic hot K
. P03 Adhesive 8.71
stamping/
Thermoplastic hot P04 Adhesive 485
stamping _ )
Chemical PO5 Adhesive 5,49 4.82 0.67 13.9
treatment
P06 Adhesive 4.14
P19 Cohesive 16.61
P20 Cohesive 15.01
Thermoset hot press P21 Cohesive 15.02
/ Thermoset hot 15.25 0.84 5.50
press P24 Cohesive 14.06
P25 Cohesive 15.07
P26 Cohesive 15.62
P27 Fibre tear 15.16
P28 Fibre tear 12.29
Heated-VARTM / P29 Fibre tear 12.39
12.45 1.83 14.69
Thermoset hot press P32 Fibre tear 10.19
P33 Fibre tear 13.82
P34 Fibre tear 10.87
P35 Fibre tear 9
P36 Fibre tear 8.74
Heated-VARTM / P37 Fibre tear 8.39
Heated-VARTM 9.40 1.53 16.27
eated- P40 Fibre tear 10.61
P41 Fibre tear 7.77
P42 Fibre tear 11.86
P43 Adhesive 5.83
Thermoplastic hot P44 Adhesive 6.2
stamping
/ P45 Adhesive 4,69 5.67 0.57 10.05
Heated-VARTM P46 Adhesive 5,72
P47 Adhesive 5,92
P51 Adhesive 13.42
Thermoplastic hot P53 Adhesive 13.83
stamping P54 Adhesive 14.41
12.91 1,26 9.75
/ P55 Adhesive 13.04
Thermoset hot press P56 Adhesive 11.47
P57 Adhesive 11.31
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Cohesive failure was observed in all specimens for the “Thermoset hot press/Thermoset hot press”
combination as illustrated in Figure 4.11b. The joints exhibited high maximum load values, ranging from
14.06 kN to 16.61 kN, with the highest average of 15.25 KN. This load indicates the strong bonding
capacity of the thermoset hot press joints. The cohesive failure mode Figure 4.11b suggests that the joint

maintained its integrity, with the failure occurring within the adhesive rather than at the interface.

In the case of the “heated VARTM/thermoset hot press” combination, the joints experienced fibre tear
failure as illustrated in Figure 4.11bc. The maximum load values ranged from 10.19 kN to 15.16 kN.
The average load values varied, indicating potential variations in joint quality. Fibre tear failure indicates
that the applied load caused the fibres within the material to separate or tear, which may be an area of

improvement for future designs or process modifications.

In the fourth combination, fibre tear failure was observed in all specimens for the “Heated-VARTM/Heated
VARTM". The maximum load values ranged from 7.77 kN to 11.86 kN. These joints exhibited lower
load-carrying capacities compared to the other combinations tested. This suggests that the heated-

VARTM/heated-VARTM joints may benefit from further optimisation.

The combinations, namely "Thermoplastic hot stamping /heated-VARTM" and '"Thermoplastic hot

stamping/Thermoset hot press," reveal distinct adhesive failure behaviours.

In the "Thermoplastic hot stamping/heated-VARTM" combination, adhesive failure was observed as the
predominant mode of joint separation. The specimens displayed a maximum load of 5.83 kN, with an
average load of 5.67 kN and a relatively low standard deviation of 0.57. This suggests a consistent

adhesive bond strength among the specimens.

The "Thermoplastic hot stamping/Thermoset hot press'" combination showcased adhesive failures with
an interesting trend: a failure from the thermoplastic side. While the maximum load reached 14.41 kN

and the average load was 12.91 kN, with a standard deviation of 1.26.

The variation in some results of the single lap joints, could stem from temperature and moisture changes,
directly affecting adhesives' strength and mechanical properties. When the external environment changes,

the width of the joint affect how fast the environment changes in the interior of the bondline.
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(a) Thermoplastic hot

Th h Th h
stamping/Thermoplastic hot stamping (b) Thermoset ot press/ Thermoset hot press

(c) Heated VARTM/Thermoset hot press

(f) Thermoplastic hot stamping / Thermoset hot
(e) Thermoplastic hot stamping /Heated VARTM
press
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Figure 4.11: Failure modes of SLJ specimens.
Overall, these results emphasise the influence of various factors, such as surface treatment method, the
combination of materials, and manufacturing processes, on the strength and failure modes of single lap
joints. By considering these results, the overall performance of adhesive joints can be improved by

selecting the most appropriate materials, surface treatment method and manufacturing process.

4.6. Floating roller peel test

The initial crack of the specimens was short for clamping on the machine grips and had to be manually
increased by pre-loading to enable testing [48]. For each material combination, the load-displacement
curves were recorded during testing Figure 4.12a, b, ¢ and d.
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(a) Rigid heated VARTM/ Flexile thermoplastic hot stamping.

—Specimen 1
—Specimen 2
—Specimen 4
—Specimen 5
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(b) Rigid heated VARTM/Flexible thermoset hot press
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(c) Rigid thermoset hot press/Flexible thermoset hot press.
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(d) Rigid thermoset hot press/Flexible thermoplastic hot stamping.

Figure 4.12: Experimental P/b curves for each configuration.

In this work, the interval defined for obtaining the results was between the 25.4 mm and the 105.4 mm
of crack propagation. This interval was selected because it complied with the recommendations of the
standard. The calculation of P/b is done by averaging the measured force P during the tests by the

specimen width b, at every point in the measurement range [47].

Table 4.6 presents the results for each combination, including the average P/b values, standard
deviations and coefficient of variation. The minimum P/b is 0.122 N/ mm for the Heated
VARTM/thermoplastic hot stamping configuration, and the maximum is 0.327 N/ mm for the
Thermoset hot press/Thermoset hot press configuration, similar to the Heated VARTM/Thermoset hot

press configuration, with a value of 0.306 N/ mm. In the case of Thermoset hot press/thermoplastic
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hot stamping, the average peeling load was 0.147 N/mm higher than the Heated

VARTM/Thermoplastic hot stamping configuration and lower than the others.

Table 4.6: Floating roller test results

. P N
speclmen Pmax [N] Pmin[N] Paverage [N] —Ma;}ii;:?le —mm
1 2.92 1.75 2.19 0.143
2 2,60 1.30 1.89 0.126
3 2.20 1.44 1.83 0.133
4 2.09 0.97 1.57 0.106
Rigid heated
5 1.83 1.23 1.54 0.112
VARTM/Flexile
6 1.85 1.27 1.60 0.107
thermoplastic hot
7 2.00 1.46 1.72 0.127
stamping
8 2.60 1.32 1.88 0.125
9 1.93 1.42 1.70 0.121
AVERAGE - - - 0.122
STDV - - - 0.0124
COV (%) - - - 10.16
1 5.35 2.75 3.81 0.262
2 7.09 2.55 461 0.318
3 17.01 5.21 - -
4 6.97 0.9 4,01 0.276
5 12.68 2.57 - -
Rigid heated 6 6.73 3.13 4.55 0.307
VARTM/Flexible
7 6.11 3.23 4.64 0.312
thermoset hot press
8 7.04 4.00 5.23 0.358
9 10.59 3.37 - -
AVERAGE - - - 0.306
STDV - - - 0.033
COV (%) - - - 10.78
1 5.43 3.47 4.27 0.291
2 5.75 3.53 4.43 0.298
3 6.65 3.10 4.87 0.336
4 5.63 3.38 5.09 0.342
5 5.58 3.58 4.36 0.305
Rigid thermoset hot 6 6.27 4.42 5.25 0.356
press/Flexible
7 6.68 4.46 5.49 0.379
thermoset hot press
8 6.13 4.10 5.06 0.366
9 4.53 3.11 3..80 0.270
AVERAGE - - - 0.327
STDV - - - 0.037
COV (%) - - - 11.31
1 2.36 1.07 1.61 0.107
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2 1.94 1.11 1.52 0.101

3 4.18 1.77 291 0.19

4 4.43 1.37 2.82 0.185

Rigid thermoset hot 5 3.83 1.53 2.60 0.174
press/Flexible 6 3.11 1.67 2.33 0.156
thermoplastic hot 7 2.82 1.08 1.78 0.118
stamping 8 3.01 1.53 2.19 0.148
AVERAGE - - - 0.147

STDV - - - 0.035

COV (%) - - - 23.8

The coefficients of variation were calculated as 10.16 % for the Heated VARTM/thermoplastic hot
stamping configuration, 10.78 % for the Heated-VARTM/Thermoset hot press configuration, and
11.31 % for the Thermoset hot press/Thermoset hot press configuration, which indicates good
agreement between results. The coefficient of variation in the Thermoset hot press/thermoplastic hot

stamping configuration was higher than the other cases.
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5. NUMERICAL STUDY

The Numerical FE analysis was carried out using Abaqus® software to reproduce the experimental
results. This software was chosen due to its integrated, cohesive zone model module, which allows for

predicting the strength of the single-lap joints and peel of the tested adhesive joints.

5.1. Single lap joint

Two distinct modelling strategies are available for simulating single lap joint and peel tests: the 2D and
3D approaches. The first method uses 2D shells with elastic orthotropic properties to represent the
adherends. These properties can be determined using A, B, and D matrices. For the adhesive, two options
are available: cohesive elements with a traction-separation law or a continuum approach using bulk

properties.

The second method uses 3D continuum shells to represent the adherends with the stacking sequence
defined in the previous section. In this case, the material properties used are those of individual plies. A
similar approach to the 2D model can be applied for the adhesive layer but with adding a 3D cohesive
element instead of the 2D one. A third approach uses solid elements, but this strategy is computationally

demanding.

b5.1.1. Modelling strategy

The adherends were modelled using 3D solid, with the material properties of individual plies. The adhesive
was modelled using a cohesive element (COH3D8), and geometrical non-linearities were considered. The
joints were modelled as three-dimensional, with continuum shell elements (SC8R from ABAQUS®), with
meshes constructed to reduce computational time while maintaining precision through bias effects
towards specimen edges and adhesive layer thickness, as illustrated in Figure 5.1. The overlap region
and cohesive elements were meshed using 0.02 mm x 0.02 mm elements, allowing to accurately capture

stress variations these regions.
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Figure 5.1: Detail of the mesh for the model.
Loading conditions were introduced to simulate the actual testing conditions, consisting of clamping the
joint at one edge, which means that every degree of freedom is constrained, and applying horizontal
displacement along the length direction of the specimen to the other edge, as illustrated in Figure 5.2. In
the cohesive zone model analysis, the adhesive was modelled with a cohesive element using a traction

separation law, as described in the previous section.

After running the model, we encountered convergence issues that should be addressed in future work.

Figure 5.2: Boundary conditions.

5.2. Subcomponent model

The subcomponent model consists of two main stages. The first stage is performed before the test to

identify the critical regions more likely to fail and define the LVDT positions. The second stage is carried
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out after the test using a cohesive zone model to replicate the actual test. In this thesis, the first stage

was performed using a linear analysis.

5.2.1. Testsetup

The test sample is a portion of the fuselage composed of sections of the upper skin with stringers
integrated, the frame, and a connector that connects the parts through bonded joints within defined

contact areas between the CFRP parts surfaces, as illustrated Figure 5.3.

Figure 5.3: Test Specimen (CFRP part)

All three parts composing the test sample, frame, skin/stringers and connector, are made of Heated-
VARTM material bonded with an epoxy adhesive. The frame and skin/stringers are produced by vacuum
infusion using an epoxy resin matrix and layup of 0°/90° and +45°/-45° tweel fabric plies. The connector

is produced by hot stamping a carbon fibre UD plies with a thermoset matrix (see Table 5.1).
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Table 5.1: Parts nominal thicknesses and stacking sequences.

Thickness

Parts [mm] Material Layup Abaqus Layup
HiMax / 0°/90°/0°/90°/45°/-45°/- 01010/ AES | AES /(10
Frame 1.68 RTM6 45°/45°/90°/0° 0°/0°/45°/-45°/0
Connector 168 Thermoset 0°/90°/0°/90°/45°/-45°/- 0°/90°/0°/90°/45°/-45°/
DT120 45°/45°/90°/0°/90°/0° 45°/45°/90°/0°/90°/0°
. HiMax / 0°/90°/45°/-45°/0°/90°/90°/0°/- o/ JEO /010 /10 /ARG /10
Skin 2.28 RTM6 45°/45°/90°/0° 0°/45°/0°/0°/-45°/0
Stringer 1.12 Hll?¥l?/l)(65/ 0°/90°/0°/90°/0°/90°/0°/90° 0°/0°/0°/0°

The test consists of pulling the frame vertically while the skin/stringers are fixed in the test bed. The
specimen is fixed to the test bed by tight metallic fixtures, as illustrated in Figure 5.4. A thin rubber mat
is used between the metallic fixture and the Skin/Stingers part to avoid damaging the CFRP parts and to
account for the uncertainties of the CFRP thickness due to the manufacturing process. The load is applied
by a hydraulic actuator, with a ball joint connected to a metallic fixture that is previously tied to the frame.
The test setup ensures the relative positioning of the sample and actuator axis to ensure the load is
applied with the actuator axis passing through a predefined point at the sample in the defined direction

(see figure 4).
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Figure 5.4: Representation of the test fixtures tight to the Frame and Skin/Stringers and load

application point.

5.2.2  Materials definition

After drawing all the parts, laminate definitions were created using the "create composite layup" option
in ABAQUS®. It is worth mentioning that this model features curved parts, so we used a discrete
orientation method to define the material orientation accurately as in real applications, Figure shows the
material orientation of the frame. The Hashin damage criterion was introduced for indication purposes in

this model since it is defined without the damage evolution model.
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Figure 5.5: Frame Material orientation.

The mechanical properties of the materials used in the model are presented in Table 5.2.

Table 5.2: Material Properties.

Properties HiMax/RTM6 Thermoset DT120
E; [MPq] 74000 140000
E,, [MPa] 74000 5000
Y12 0.04 0.36
G, [MPa] 3100 3200
G,3 [MPa] 761 1760

5.2.3.  Boundary condition

The boundary conditions were applied to simulate the actual testing scenario. All subcomponents have
been connected by means of TIE constraints. The fixtures were considered rigid enough and were non-
deformable during the test. Therefore, rigid body constraints were defined (RP1 to RP6) with a tie node
to constrain the regions in direct contact with the fixtures. The load was applied on a reference point

(RP7) connected to (RP3) to (RP6) through a kinematic coupling, as illustrated in Figure 5.6. An imposed

displacement of 3mm was applied in this stage to determine the critical regions.
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(@) Constraint (b) Boundary conditions
Figure 5.6: Boundary condition and constraint applied to the panel.

52.4. Mesh

The composite panel has been discretized by means of continuum shell elements (SC8R) with a reduced
integration scheme. an element size of 2 mm was employed to model the skin, stringers, and connector,
and 1 mm for the Frame. In the case of the connector, it was very challenging to have a structural mesh,
so partitioning was needed to obtain an acceptable mesh to avoid compromising the results, as illustrated

in Figure 5.7.
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Figure 5.7: Detail of the mesh.

5.3. Numerical results

Figure 5.8 shows that the displacement at the end of the model is the same in the frame, proving that

the load was applied correctly.
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(a) Reaction force (b) Displacement
Figure 5.8: Reaction forces and the imposed load.
In this model, the Hashin damage criterion was defined to have an initial understanding of the panel's
behaviour. However, it should be noted that this criterion is not entirely representative as it is not
correlated with the damage evolution model. The results indicate matrix tension failure, as shown in
Figure 5.9. It is worth mentioning that the value of HSNMTCRT was 1.65, meaning a satisfaction of the
matrix tensile initiation criterion. The maximum force registered at the initiation (HSNMTCRT = 1) was

5.2kN, as illustrated Figure 5.9.
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Figure 5.9: Hashin damage criterion.

The values of stress components reached at the end of the analysis S;; = 1069MPa and S,, =
452MPa. By analysing the distribution of stress and damage values across the panel, it becomes evident
that the areas where failure is likely to occur first are concentrated around the connector, as shown in

Figure 5.10.
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| B sl
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(a) stress component in direction 2. (b) stress component in direction 2.

Figure 5.10: Stress Distribution.
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6. CONCLUSIONS AND FURTHER DEVELOPMENTS

6.1. Main conclusions

This work aims to characterise the mechanical and fracture properties of adhesive carbon composite
joints. Innovative out-of-autoclave manufacturing processes were employed to produce high-performance
carbon composites designed to meet the stringent quality standards required in the aeronautical sector.
Given the increasing demand for aircraft production, this research contributes significantly to a crucial

area of study.

Developing alternative manufacturing processes to replace the conventional autoclave method is essential
for producing more cost-effective, faster-produced, and environmentally friendly composites. In this study,
carbon composites were manufactured using heated vacuum-assisted resin transfer moulding (heated-
VARTM) and two variations of stamping. Both thermoset and thermoplastic matrices were considered,

resulting in three types of carbon composites.

In the initial phase of this research, experimental characterization of 3M™ Scotch-Weld™ (EC-9323) epoxy
adhesive was conducted. Four distinct tests were carried out: i. bulk tensile test, ii. thick adherend shear
test, iii. double-cantilever beam test, and iv. end-notched flexure test. For the last two tests, the three
aforementioned types of composites were employed as adherents to assess the impact of composite

material on mode | and mode Il fracture toughness.

In the subsequent phase of the study, the single-lap shear bond and peel strengths of composite-to-
composite adhesive joints were experimentally characterised. Various combinations of composites were

bonded using 3M™ Scotch-Weld™ (EC-9323) epoxy adhesive.
Trough the bulk tensile tests it was possible to obtain the next tensile properties of 3M™ Scotch-Weld™
(EC-9323): E = 1275 £ 88.89 MPa, o = 27.53 £+ 1.36 MPa, and & = 4.54 £ 0.79%. A slight

difference was found in failure strain, explained by the presence of defects in the specimens that could
compromise the full plasticity of the specimen to develop. It was not possible e to compare these obtained

results with information from the manufacturer's datasheet as such data was unavailable.
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Shear properties were obtained using TAST test: G = 308 + 15.7 MPa, 7, = 28.08 £ 0.92 MPa,
and yy = 28 * 3.2%. A good agreement was found between the value of 7, given by the manufacturer

(27 MPa) and the one determined by the TAST test. However, no information was given by the

manufacturer regarding the remaining properties.

To characterise Gy, three types of specimens were tested: Thermoset hot press, Heated-VARTM, and
thermoplastic hot stamping. In the case of heated-VARTM specimens, the crack initiation occurred within
the adhesive, progressing cohesively. The failure mode transitioned to a fibre tear within the adherend.
The G, values, obtained by heatedVARTM DCB tests, are 1247 + 217 J/m? (CBT), 1392 +
105 J/m? (ECM) and 1302 + 163 J/m? (CCM) for the NPC test, and 1537 + 163 J/m? (CBT),
1699 + 286 ]/m? (ECM) and 1681 + 309 ]J/m? (CCM) for the PC test. The thermoplastic hot
stamping specimens consistently showed adhesive-based failure, characterised by developing crack
patterns distinct from those observed in thermoset hot press specimens. Despite the relatively smooth
crack propagation, instability occurred at the crack onset, with crack lengths exceeding bmm. To
conclude, it is essential to exercise caution when interpreting results derived from this test. The G,.
values, obtained by thermoplastic hot stamping DCB tests, are 59.55 + 10 J/m? (CBT), 67.68 +
19.28 ]/m? (ECM) and 59.8 + 11.84 ]/m? (CCM) for the NPC testand 67.5 + 11.42 J/m? (CBT),
73.7 + 19.85 ]/m? (ECM) and 86.8 & 31.01 ]/m? (CCM) for the PC test. The coefficient of variations
demonstrates a noticeable variability in results in the case of thermoplastic hot stamping specimens that
can be related to the unstable crack propagation and the adhesive failure. Parallel to these results, the
thermoset hot press specimens exhibited an adhesive failure, with unstable crack propagation

accompanied with a big drop in load displacement curve, which led us to non-valid test.

ENF test is a reliable method to characterise G;;..This property was estimated using CCM method. The
thermoset hot press ENF test results gave a value of G;. ypc = 5.28 + 0.54 kJ/m? and G;;.PC =
5.12 + 0.32 kJ/m?. In the case of the Heated-VARTM test, G;;.NPC = 4.97 + 0.31 kJ/m? and
G,;cPC = 4.28 + 0.38 kJ /m?. In the case of thermoplastic, the obtained values were G;;,.NPC =
2.73 £ 0.165 kJ /m? and G;;.PC = 1.61 £ 0.102 kJ /m? lower than in the other cases. A cohesive
failure was experienced in the case of Heated-VARTM and Thermoplastic hot press. However,
thermoplastic hot stamping specimens experienced adhesive failure, which can explain the lower value

of Gyye-

For the single lap joints test, six combinations of composites were tested: Thermoplastic hot

stamping/Thermoplastic hot stamping, Thermoset hot press/Thermoset hot press, Heated-
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VARTM/Thermoset hot press, Heated-VARTM/Heated-VARTM, Thermoplastic hot stamping/Heated-
VARTM, and Thermoplastic hot stamping/Thermoset hot press. In the present work, the bond strength

and failure modes of different material combinations was evaluated.

Thermoset hot press/Thermoset hot press combination exhibited highest maximum load values, ranging
from 14.06 kN to 16.61 kN, with the highest average of 15.25 kN, coupled with cohesive failure. In
contrast, the Thermoplastic hot stamping/Heated VARTM combination had the lowest maximum load
with a value of 5.67 KN. This load indicates the strong bonding capacity of the Thermoset hot
press/Thermoset hot press joints. For the thermoplastic hot stamping/thermoplastic hot stamping
combination, mechanical and chemical treatments of surfaces were tested. Both treatments led to
adhesive failure, with a maximum load of 9.79 kN and 4.82 kN, respectively, highlighting the importance
of considering a specific treatment method when working with a thermoplastic matrix. Both Heated-
VARTM/Thermoset hot press and Thermoplastic hot stamping/Thermoset hot press joints exhibited
maximum loads of 12.45 kN and 12.91 kN, respectively, while also displaying differing failure modes
- the former experiencing fibre tear and the latter encountering adhesive failure. Finally, during Heated-
VARTM/Heated VARTM, fibre tear failure was observed in all specimens. These joints exhibited lower

load-carrying capacities compared to the other combinations tested.

The Heated-VARTM/Thermoset hot press combination and the Heated-VARTM /Heated-VARTM had a
fibre tear failure, a phenomenon expected in the Thermoplastic hot stamping/Heated-VARTM
combination. This result was predicted due to the higher load (12.91 kN) associated with the
thermoplastic adherend in the Thermoplastic hot stamping/Thermoset hot press combination,
comparable to the loads in Heated-VARTM/Thermoset hot press and Heated-VARTM/Heated-VARTM
combinations. However, contrary to expectations, the thermoplastic/Heated-VARTM combination
exhibited adhesive failure at a lower load. This finding further emphasises the significance of the surface

treatment method in achieving successful composite bonding.

In general, treatment methods significantly impact joint strength and failure modes. Specifically,
mechanical treatment has significantly improved thermoplastic bonding compared to chemical treatment.
Moreover, cohesive failure in thermoset hot press/thermoset hot press joints demonstrated strong
bonding. However, it's worth mentioning that certain joints involving Heated-VARTM laminates exhibit fibre
tear failures, which highlight specific areas requiring improvement. Additionally, environmental factors,

such as temperature and moisture, notably influence joint strength.
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The floating roller peel test method was used to study four composite-composite joint combinations under
peel loading: Rigid heated VARTM/Flexile thermoplastic hot stamping, Rigid heated VARTM/Flexible
thermoset hot press, Rigid thermoset hot press/Flexible thermoset hot press, and Rigid thermoset hot
press/Flexible thermoplastic hot stamping. The results revealed a range of average P/b values, from a
minimum of 0.122+0.0124 N/mm in Rigid heated VARTM/Flexile thermoplastic hot stamping
configuration to a maximum of 0.327+0.037 N/mm in the Rigid thermoset hot press/Flexible thermoset
hot press. In the case of Heated-VARTM/Thermoset hot press configuration, the test gave a value of
0.306%+0.033 N/mm. Moreover, in the thermoset hot press/thermoplastic case, the average peeling
load was 0.147+0.035 N/mm higher than the Heated-VARTM/thermoplastic hot stamping configuration

and lower than the remaining configurations.

The linear analysis of the subcomponent model has provided a clear idea of the critical region, notably
centred around the connector. Moreover, the identified convergence issues within the single lap joint

highlight an area for improvement in future work.

6.2. Further developments

This study has provided a practical understanding of the mechanical and fracture properties of adhesive

carbon composite joints. Still, several avenues remain for future research and improvement in this field.

1. Surface Treatment Enhancement for DCB Tests: The results from the Double Cantilever Beam
(DCB) tests have demonstrated the need for further investigation into surface treatment methods.
A more thorough exploration of surface treatments could enhance the reliability and consistency

of DCB test results, ensuring a more accurate characterisation of fracture toughness.

2. Completion of numerical analysis: The numerical modelling aspect of this research is an ongoing
endeavour. The numerical simulations must be finalised, particularly those related to single lap
joints. Further refinement and validation of the numerical models will contribute to a deeper

understanding of composite joint behaviour.

3. Convergence solutions for single lap joints: Convergence issues in numerical simulations of single
lap joints were encountered during this study. Future work should focus on developing effective
solutions to address these convergence challenges, ensuring the accuracy and reliability of

numerical predictions.
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4. Development of peel test models: Building numerical models for the floating roller peel tests
should be a priority for future research. These models can help predict and understand the
peeling behaviour of composite-to-composite joints, providing an understanding of adhesive

performance under different loading conditions.

5. Cohesive Zone Modelling for subcomponent test: Future work should prioritize the creation of
subcomponent models using cohesive zone modelling techniques. These models can accurately

reproduce the observed behaviour in the experimental test.
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