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Resumo

O uso de materiais poliméricos reforcados com fibra de carbono (CFRP) tem
aumentado em muitas inddstrias, tais como na industira aeronautica, maritima e
automovel. Nestas aplicacdes, componentes de composito sdo frequentemente ligados
a outras pecas de compdsito ou metal, onde a ligacdo adesiva desempenha um papel
fundamental.

No entanto, o desempenho de uma junta de composito depende de multiplos fatores
e pode ser melhorada modificando a camada adesiva ou 0s substratos. Para além disso,
a geometria da junta adesiva, a preparacdo da superficie e os métodos de fabrico
utilizados para a produgdo também sdo fatores importantes. No entanto, a delaminagéo
de substratos compoésitos em juntas adesivas continua a Sser uma preocupacao
importante, pois leva a um desempenho extremamente baixo da junta. Diversos estudos
tém proposto técnicas para reduzir a delaminacdo em compositos ligados por adesivos.
Técnicas que tentam evitar a delaminacéo através do refor¢o do substrato, geralmente
substituindo camadas de compasito por polimero ou metal (laminados de compdésito e
metal) na superficie do substrato.

Laminados de folhas finas, que s8o uma nova geracdo de materiais compdsitos
compostos por folhas de espessura inferior a 100 pm, ganharam destaque devido aos
desenvolvimentos no processo spread-tow. Os laminados de folhas finas oferecem uma
maior flexibilidade de design na orientacdo da disposicao e na quantidade de camadas.
A reducdo da espessura da camada e o processo aprimorado da distribuicdo de resina
contribuem para uma distribuicdo de fibras mais homogénea e regides mais pequenas
gue contenham somente resina. O maior nimero de camadas e interfaces resulta em
menores tensdes de corte, aumentando a resisténcia a fratura da matriz.

O objetivo final desta trabalho é investigar o desempenho de um laminado compdsito
hibrido reforcado por folhas finas usadas como aderentes em juntas de sobreposicao
simples sob diferentes condicdes de carga. A componente de tensdo principal no
laminado, que cria delaminagédo em juntas adesivas de sobreposi¢édo simples (SLJ) com
substratos de compdsito, é conhecida como sendo a tensdo de arrancamento. Como tal,
inicialmente, foi estudado o comportamento dos laminados compdsitos (configuragdes
de referéncia com composito convencional, compésitos de folhas finas e laminados
hibridos reforcados por folhas finas) sob solicitacdes de tracdo (perpendicular ao plano
de orientacdo das fibras). Os laminados compositos hibridos foram estudados usando
diferentes quantidades de folhas finas, aplicadas através da espessura. Os laminados
fabricados, de empilhamento unidirecional, foram testados a tragéo, transversalmente
as fibras, em condicdes estaticas, a alta taxa de carga e ao impacto.



Posteriormente, uma vez que a orientacdo das fibras ou o angulo de folhas é
conhecido por ser um dos parametros mais importantes no projeto de compadsitos, este
estudo investiga o efeito de camadas orientadas de folhas finas e compdsitos
convencionais num laminado hibrido sob solicitacdo de tracdo transversal estatica. Os
resultados experimentais mostram que os compositos com angulo de folha apresentam
uma forca de rotura mais alta quando solicitado a tragdo perpendicular a fibra, quando
comparado com compositos unidirecionais. 1sso pode ser atribuido ao facto de que uma
fissura iniciada enfrenta um caminho de fissuracao significativamente mais complexo
num laminado com angulo de empilhamento, para avancar pela espessura. Além disso,
modelos numéricos de elemento de volume representativo para laminados
unidirecionais e com angulo de folha foram gerados para estudar as configuraces em
microescala.

Ao intercalar camadas de folhas finas por compoésitos convencionais (criando entdo
um laminado hibrido), a delaminacéo no laminado compdsito diminui e a resisténcia a
tracdo transversal aumenta. Por conseguinte, os laminados compdsitos hibridos
reforcados por camadas finas podem utilizados como substratos em juntas de
sobreposicao simples. Juntas de sobreposicdo simples de referéncia com um compdsito
convencional ou com compdsito de folhas finas, usados como substratos, também
foram consideradas como referéncias. As juntas foram solicitadas a condi¢Ges quase
estaticas, de alta taxa de carga e de impacto e foi registrado com uma camera de alta
velocidade, permitindo a determinacdo dos locais de iniciagdo de dano. Modelos
numeéricos das juntas também foram criados, permitindo uma melhor compreensao dos
mecanismos de falha subjacentes e a identificacdo dos locais de iniciagéo de dano.

Keywords: Material composito; junta adesiva; polimero reforcado com fibra de
carbono; folha fina; junta hibrida; junta composita.



Abstract

The use of carbon fibre reinforced polymer (CFRP) materials is increasing in many
industries, such as those operating in the aviation, marine, and automotive sectors. In
these applications, composite parts are often joined with other composite or metallic
parts, where adhesive bonding plays a key role.

However, the performance of a composite joint is dependent on multiple factors
and can be improved by modifying the adhesive layer or the adherends. Moreover,
joint geometry, surface preparation, and the manufacturing methods used for
production are also important factors. However, delamination of the composite
adherends in adhesively bonded composite joints is still a major concern as it leads to
extremely low joint performance. Diverse studies have proposed techniques to reduce
delamination in adhesively bonded composite joints. A subset of techniques attempts
to avoid delamination via reinforcement of the adherend, usually by replacing layers
of composite with polymer or metal (composite metal laminates) in the surface of the
adherend.

Thin-ply laminates, which are a new generation of composite materials composed
of plies with a thickness of less than 100 pum, have gained prominence due to
developments in the spread-tow process. Thin-ply laminates offer greater design
flexibility in layup orientation and layer quantity. The reduced layer thickness and
improved resin spreading process contribute to a more homogeneous fiber distribution
and smaller resin-rich regions. The higher number of layers and interfaces results in
lower shear stresses, enhancing resistance against matrix cracking.

The final aim of this research is to investigate the performance of a hybrid
composite laminate reinforced by thin-plies used as adherends in bonded single lap
joints under different loading conditions. The main stress component in the laminate,
which creates delamination in bonded Single Lap Joints (SLJs) with composite
adherends, is known to be the transverse tensile stress. Therefore, initially, the
behavior of the composite laminates (reference configuration of conventional
composites, thin-ply composite and hybrid laminates reinforced by thin-ply) under
transverse tensile loading were studied. Hybrid composite laminates were studied
using different amounts of thin-ply, applied through the thickness. The
unidirectionally stacked laminates, were tested under static, high-rate, and impact
transverse tensile loading.

Afterward, since fibre orientation or ply angle is known to be one of the most
important parameters in composite laminate design, this study investigates the effect
of oriented layers of thin-ply and conventional composite in a hybrid laminate under



static transverse tensile loading. Experimental results show that angle-plied composite
laminates present higher failure load under out-of-plane tensile loading, when
compared with unidirectional composites. This can be attributed to the fact that an
initiated crack is faced with a significantly more complex crack path in an angle-plied
laminate, to advance through the thickness. Also, numerical Representative VVolume
Element (RVE) models for unidirectional and angle-plied laminates were generated to
study the configurations in micro-scale.

By interlaying layers of thin-plies with conventional composites (thus creating a
hybrid laminate), delamination in the composite laminate decreases and transverse
tensile strength increases. Therefore, hybrid composite laminates reinforced by thin-
plies can be used as substrates in adhesive joints. Two reference single lap joints with
a conventional or thin-ply composite used as the adherends were also considered as
benchmarks. The joints were loaded under quasi-static, high-rate, and impact loading
conditions and were recorded with a high-speed camera, allowing for the
determination of damage initiation sites. Numerical models of the joints were also
created, allowing for a better understanding of the underlying failure mechanisms and
the identification of the damage initiation sites.

Keywords: Composite material; adhesive joint; carbon fibre reinforced polymer; thin-
ply; hybrid joint; composite joint.
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Chapter 1

Introduction

1.1 Background and motivation

The use of composite materials is increasing substantially in different industries e.g.,
aviation, marine, and automotive. However, composite components often need to be
joined with other composites or metal components in a structure, requiring the use of
adequate joining methods. Compared to traditional joining methods, adhesive bonding
has been growing in importance, offering unique benefits such as allowing to easily
join dissimilar materials and avoiding weight increase or drilling holes, which is a
source of stress concentration itself. Therefore, composite structures usually rely on
adhesives for assembly as they enable a more uniform stress distribution along the bond
line. However, some particular joint geometries can still induce significant peel loads
on substrates, which cause premature failure of a composite substrate. This is due to the
fact that the behavior of composites is highly anisotropic with respect to both stiffness
and strength. In the fibre direction, composites can be very strong and stiff whereas in
the transverse and shear directions, their properties are much lower. Compared to
isotropic structural materials, such as the most commonly used metal alloys, composite
materials present significantly weaker properties in the transverse direction. Therefore,
delamination is one of the most common failure modes in the case of composite joints.
To address this issue, different methods have been introduced to increase the shear
strength in the composite joint which can be divided into the main categories:
modification of configuration and geometry, adhesive layer modification, and adherend
modification.



1.2 Objectives

Experimental studies reveal that, although the composite laminates which are used
as an adherend in a composite joint show high stiffness and strength, the structural
performance of these materials is highly susceptible to the loading mode and an
improper adherend design can lead to catastrophic failure in a composite joint.

This project has three main goals: the first is the careful and in-depth study of
different available methods for the adherend modification of composite bonded joints.

The second is to study the performance of hybrid laminates toughened by thin-ply
under different strain rates. For the second part, the effect of hybrid composite laminate
was studied for unidirectional and angle-plied laminates. The numerical simulation of
the cases studied experimentally was conducted in order to fully understand the
phenomena involved.

Afterward, the studied laminates were used as adherend in single lap joints and the
effect of hybrid composite single lap joint toughened by thin-ply was investigated.

1.3 Research methodology

This section details the main research activities of this thesis, divided in five tasks.
The effect of hybrid composite laminate reinforced by thin-ply was studied for
unidirectional and angle-plied laminates. The numerical simulation of the cases studied
experimentally was preformed in order to allow for a more complete understanding of
the phenomena involved. The main goal of this work is to increase the transverse
strength of composite laminates and to prevent the delamination or crack propagation
of new toughened hybrid composite laminates. Afterward, the studied laminates were
used as adherends in single lap joints, and hybrid composite single lap joints reinforced
by thin-ply was investigated. Thus, to fully ensure its suitability for being used in
adhesively bonded structures, joint specimens were tested at different strain rates to
validate the suitability of this novel approach under service conditions. Modeling of the
static and dynamic loads were carried out by a finite element analysis using damage
mechanics. A general scheme of the tasks can be found in Figure 1.1.
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Figure 1.1: Schematic representation of the workflow of the tasks performed.

Task 1: Review a wide range of techniques for increasing composite joint strength
and delaying or reducing delamination.

This task consists of a comprehensive review on the published results to illuminate the
road of the research. In this part, the already published numerical and experimental
results were analyzed. This task covered the already considered experimental efforts for
increasing joint strength by reducing stress concentrations at the ends of the overlap, all
particularly useful for adhesive joints with composite substrates due to the low
transverse strength of these materials.

Task 2: Assessment of unidirectional toughened laminate performance under
different strain rates.



The objective of this task is to manufacture different configurations of toughened hybrid
laminates reinforced by thin-ply modified in the thickness direction. A conventional
and a thin-ply composite material were used in Task 2. The main purpose is to extract
the best mechanical performance of the considered materials to achieve a toughened
hybrid laminate with the highest transverse tensile strength. The toughened hybrid
laminate is a locally toughened through the thickness composite laminate. The use of
thin-ply laminates provides a higher toughness (as these laminates suppress or delay
crack initiation), therefore, it makes it possible to control the local toughness in the
adherends, by allowing for a refined layup design through the thickness direction. In
Task 2, different configurations (varying materials and lay-up stacking) of toughened
hybrid laminate material were manufactured. Experimental tests were carried out under
static, high-rate, and impact loading, in order to evaluate the performance of toughened
hybrid laminate under different loading conditions. Experimental tests were conducted
on a servo-hydraulic machine for quasi-static and high-rate loading conditions and a
drop weight machine was used to evaluate the performance under impact loading. A
high-speed camera was used to identify the crack initiation sites and propagation
process. Images were captured from the reference conventional composite and hybrid
laminates reinforced by thin-ply and an associated Digital Image Correlation (DIC)
software was used to identify the effect of the thin-ply on the behavior of the composite
laminate. Also, numerical representative volume element models were generated to
study the configurations in microscale.

Task 3: Assessment of angle-plied toughened laminate performance under static
loading.

As the fibre orientation or ply angle is known to be one of the most important
parameters in composite laminate design, this study investigates the effect of oriented
layers of thin-ply or both thin-ply and conventional composite in a hybrid laminate
under static transverse tensile loading. Two references, conventional and thin-ply
composite, and the optimized hybrid laminate in Task 2 were considered. Also,
numerical representative volume element models for angle-plied conventional
composite and thin-ply were generated to study the configurations in microscale, in
order to better understand the effect of angle-plied hybrid composite laminates.

Task 4: Identification of toughened hybrid composite joints reinforced by thin-ply
under different strain rates.

The objective of this task is to study the hybrid composite laminate configurations
investigated in Task 2 used as an adherend in adhesively bonded composite joints for
static, high-rate, and impact loading conditions. Experimental tests were conducted in
a servo-hydraulic machine under quasi-static and high-rate conditions and a drop-
weight machine to evaluate the performance under impact loading. An adhesive joint
with unreinforced composite adherends was used as a reference. Joint manufacturing
was carried out in a hot press to reduce the number of possible defects in joints. A high-
speed camera was used to determine the locations of delamination that could occur in
real components. In parallel, a numerical model of the component was created, using
Cohesive Zone Modeling (CZM) to model both the delamination in the composite
substrates and the failure in the adhesive layer. Fracture material characterization tests



were also performed in order to determine the fracture properties in mode I, and mode
Il of the novel thin-ply composite used in the hybrid joints. For mode | and mode Il
tests, the Double Cantilever Beam (DCB) and End Notch Flexure (ENF) specimen were
used respectively.

Task 5: Experimental and numerical optimization of toughened joints

The objective of this task is to optimize the hybrid joints developed and tested in Task
4 numerically and experimentally.

1.4 Outline of the thesis

In its final form, the Ph.D. thesis consist of seven peer-reviewed papers. The list of
papers is presented in Figure 1.2, including the indication of those which have already
been published, and those under preparation summary.

The summary is divided into six main parts. This introductory chapter contains a
brief description of the background and motivation of this work and its objectives.
Additionally, it displays a summary of each paper presented. Chapter 2 provides a
comprehensive literature review of the work previously developed on this topic and
recent developments in the composite bonded joint are presented. The main approach
followed in this review was to introduce the available methods which increase the joint
strength and delay or eliminate delamination in the composite adherend. Chapter 3
clarifies the experimental procedures used throughout this work, the material used in
this study, and the experimental tests performed in order to characterize the thin-ply
material. Additionally, the experimental methodology used in the entire study was
explained. Chapter 4 presents a succinct description of the numerical models used in
this work. Chapter 5 presents the main conclusions about the topics of research and
Chapter 6 presents suggestions for further work on these topics. The appendices
comprehend the publications developed in the scope of this thesis that represent the
research developed, in detail.
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Figure 1.2: Correspondence between tasks proposed and papers published.

Paper A: Developments in laminate modification of adhesively bonded composite
joints

Ramezani, F., Simdes, B. D., Carbas, R. J. C., Marques, E. A. S, & da Silva, L. F. M.
(2023). Developments in Laminate Modification of Adhesively Bonded Composite
Joints. Journal of Materials.

The use of carbon fibre reinforced polymer (CFRP) materials is increasing in many
different industries, such as those operating in the aviation, marine, and automotive
sectors. In these applications, composite parts are often joined with other composite or
metallic parts, where adhesive bonding plays a key role. Unlike conventional joining
methods, adhesive bonding does not add weight nor requires drilling holes, which are
both major sources of stress concentration. The performance of a composite joint is
dependent on multiple factors and can be improved by modifying the adhesive layer or
the composite layup of the adherend. Moreover, joint geometry, surface preparation,
and the manufacturing methods used for production are also important factors. The
present work reviews recent developments on the design and manufacture of adhesively
bonded joints with composite substrates, with particular interest on adherend
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modification techniques. The effects of stacking sequence, use of thin-plies, composite
metal laminates and its specific surface preparations, and the use of toughened surface
layers in the composite adherends are described for adhesively bonded CFRP
structures.

Paper B: A study of the fracture mechanisms of hybrid CFRP laminates
reinforced by thin-ply

Ramezani, F., Carbas, R. J. C., Marques, E. A. S., Ferreira, A. M., & da Silva, L. F.
M. (2023). A study of the fracture mechanisms of hybrid carbon fiber reinforced
polymer laminates reinforced by thin-ply. Journal of Polymer Composites.

The main stress component which creates delamination in bonded single lap joints
with composite adherends is the transverse tensile stress. Therefore, the following study
investigates the behavior of composite laminates (reference and hybrid laminates
reinforced by thin-ply) under transverse tensile loading. Texipreg HS 160 T700 and
NTPT-TP415 were used as the conventional CFRP and thin-ply respectively. Hybrid
composite laminates were studied using different amounts of thin-ply, applied through
the thickness. The manufactured laminates, of unidirectionally stacked construction,
were tested under transverse tensile loading. Digital image correlation was performed
to investigate the average peel strain distribution for the composite and to better
understand the phenomena associated to the use of hybrid laminates.

Experimental results show that the reinforced hybrid composite laminates, created
using thin-plies, present higher failure load compared to the reference conventional
CFRP or thin-ply laminates. This was found to be due to the higher ductility enabled
by the presence of thin-plies. Distributing a constant amount of thin-ply through the
thickness was found to increase the laminate transverse strength, as the thin-ply
laminates act as a barrier against crack propagation. A representative volume element
was studied for each configuration since this numerical method brings the opportunity
to investigate the studied configurations in microscale.

Paper C: Out-of-plane tensile strength of CFRP laminates reinforced by thin-ply
under different loading rates

Ramezani, F., Carbas, R. J. C., Marques, E. A. S., & da Silva, L. F. M. (2024). Out-
of-plane tensile strength of CFRP laminates reinforced by thin-ply under different
loading rates. Steel and composite structures.

Delamination in composite laminates is primarily caused by transverse tensile stress.
However, experimental and numerical studies have consistently shown that hybrid
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composite laminates, reinforced with thin-plies, exhibit greater strength under static
transverse tensile loads in comparison to reference conventional composite laminates.
This study focuses on analyzing the behavior of composite laminates reinforced by thin-
ply, subjected to high-rate and impact transverse tensile loading. A conventional
composite, Texipreg HS 160 T700, and a thin-ply, NTPT-TP415, were selected for this
investigation. Hybrid laminates were created by integrating 25% thin-plies throughout
the laminate's thickness. Subsequently, unidirectionally stacked laminates were
subjected to high-rate and impact transverse tensile loading.

The experimental results showed a slight increase in the transverse tensile strength of
the hybrid laminate compared to the reference conventional composite under both high-
rate and impact-loading conditions. To delve into the microscale behavior of these
configurations, a representative volume element was analyzed using numerical
methods, providing valuable insights into the studied setups.

Paper D: Study on out-of-plane tensile strength of angle-plied reinforced hybrid
CFRP laminates using thin-ply

Ramezani, F., Carbas, R. J. C., Marques, E. A. S., Ferreira, A. M. & da Silva, L. F. M.
(2023). Study on out-of-plane tensile strength of angle-plied reinforced hybrid CFRP
laminates using thin-ply. Mechanics of Advanced Materials and Structures.

Thin-plies are generally defined as composites with ply thicknesses below 100 um.
These materials are rapidly gaining interest for high-performance applications e.g., the
aerospace sector. Many practical techniques have been proposed to prevent
delamination and improve the strength of composite laminates. A recent study has
shown that the delamination could be postponed by replacing layers of CFRP with thin-
ply in a unidirectional composite laminate, a configuration known as hybrid laminates
reinforced with thin-plies.

Since fibre orientation is known to be one of the most important parameters in
composite laminate design, this study investigates the effect of oriented layers of thin-
ply or both thin-ply and conventional CFRP in a hybrid laminate under out-of-plane
tensile loading. A numerical Representative Volume Element (RVE) model for CFRP
and thin-ply was generated, considering the unidirectional [0], cross-ply [45/-45], and
[0/90] in order to better understand the effect of angle-plied hybrid composite
laminates. Experimental results show that angle-plied composite laminates present
higher failure load under out-of-plane tensile loading compared to the unidirectional
ones. This can be attributed to the fact that an initiated crack is faced with a significantly
more complex crack path in an angle-plied laminate to advance in the through-the-
thickness direction.



Paper E: Study of Hybrid Composite Joints with Thin-Ply-Reinforced Adherends

Ramezani, F., Carbas, R. J. C., Marques, E. A. S., & da Silva, L. F. M. (2023). Study
of Hybrid Composite Joints with Thin-Ply-Reinforced Adherends. Journal of
Materials.

It has been demonstrated that a possible solution to reducing delamination in a
unidirectional composite laminate lies in the replacement of conventional carbon-fibre-
reinforced polymer layers with optimized thin-ply layers, thus creating hybrid
laminates. This leads to an increase in the transverse tensile strength of the hybrid
composite laminate. This study investigates the performance of a hybrid composite
laminate reinforced by thin plies used as adherends in bonded single lap joints. Two
different composites with the commercial references Texipreg HS 160 T700 and NTPT-
TP415 were used as the conventional composite and thin-ply material, respectively.
Three configurations were considered in this study: two reference single lap joints with
a conventional composite or thin-ply used as the adherends and a hybrid single lap. The
joints were quasi-statically loaded and recorded with a high-speed camera, allowing for
the determination of damage initiation sites. Numerical models of the joints were also
created, allowing for a better understanding of the underlying failure mechanisms and
the identification of the damage initiation sites. The results show a significant increase
in tensile strength for the hybrid joints compared to the conventional ones as a result of
changes in the damage initiation sites and the level of delamination present in the joint.

Paper F: Study of Hybrid Composite Joints with Thin-ply-reinforced Adherends
under High-rate and Impact Loadings

Ramezani, F., Carbas, R. J. C., Marques, E. A. S., & da Silva, L. F. M. (2023). Study
of Hybrid Composite Joints with Thin-ply-reinforced Adherends under High-rate and
Impact Loadings. Journal of Applied and Computational Mechanics.

This research aims to examine the tensile strength of a hybrid composite laminate
reinforced by thin-plies when used as an adherend in bonded single lap joints subjected
to high-rate and impact loading. Two different composites, namely Texipreg HS 160
T700 and NTPT-TP415, are employed as the conventional and thin-ply composites,
respectively. The study considers three configurations: a conventional composite, a
thin-ply, and a hybrid single lap joint. Numerical models of the configurations are
developed to provide insight into failure mechanisms and the initiation of damage. The
results indicate a significant increase in tensile strength for the hybrid joints over the
conventional and thin-ply joints, due to the mitigation of stress concentrations. Overall,
this study demonstrates the potential of hybrid laminates for improving the performance
of composite joints under high-rate loading and impact conditions.



Paper G: Investigation of Adherend Thickness in Thin-Ply Hybrid Laminates

Ramezani, F., Salazar, J. C., Carbas, R. J. C., Marques, E. A. S., & da Silva, L. F. M.
(2023). Investigation of Adherend Thickness in Thin-Ply Hybrid Laminates. In
International Conference on Adhesive Bonding Cham: Springer Nature Switzerland.

The use of composite materials has been continuously increasing, hinged on its
multiple advantages such as their high strength-to-weight ratio. However, this type of
material is known for its anisotropic properties that may lead to premature failure of the
composite laminate, stemming from the delamination of the adherend in an adhesively
bonded composite joint. This study aims to study the effect of adherend thickness in
uni-directional (UD) hybrid composite single lap joints reinforced by thin-ply and
investigate the joint strength and failure mode. Tensile tests were carried out to evaluate
the parameters mentioned experimentally, and numerical models were developed to
reproduce the joint behavior. Experimental results show that adherend thickness has a
minor effect on the joint strength in hybrid composite joints reinforced by thin-ply.
However, a considerable change in the failure mode was observed.
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Chapter 2

Literature review

As mentioned above, the first step of this work was to compile carefully what has
already been done by other researchers. This review was published and can be found in
Paper A. Following the conclusion of this review, experimental and numerical work
has already been performed. The key procedures and findings related to this
experimental and numerical work are presented in this section.

2.1 Introduction

Composites are high-performance and lightweight materials which are hard to
manufacture in large dimensions or in complex configurations [1]. From an industrial
point of view, composite structures are often manufactured in multiple parts that will
later be connected via different joining methods [2]. Mechanical joining methods such
as riveting, fastening [3], or hybrid processes [4, 5] are mostly known to be reliable,
although they increase the weight of the structure [6]. However, these methods require
drilling holes which cut through the composite fibres and damage the composite
laminate during the manufacturing process. This causes stress concentrations, and local
damage and leads to an overall degradation of the mechanical performance of the
composite structure. In contrast, adhesive joining method provides advantages, such as
a lower process cost, high strength-to-weight ratio, low stress concentration, and a
higher fatigue resistance [7, 8]. Additionally, adhesive joints distribute the load over a
larger area compared to traditional joining methods [9], usually resulting in higher
bonding strength.

The strength of an adhesive joint ultimately depends on the stress distribution in the
bondline and in the adherend, which is a function of different parameters such as the
joint geometry or the material properties of each component (adherend or adhesive)
[10-12]. However, it should be noted that many other parameters substantially affect
the joint strength such as the service temperature, the humidity level [13], the
manufacturing process, and the associated surface treatment.

Importantly, although adhesive bonding provides definite advantages for bonding
composites, the low interlaminar strength of composite adherends can lead to important
limitations in the performance of joints [14]. The peel stresses generated at the bondline
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can overcome the limited transverse strength of the composite and cause failure by
delamination. Figure 2.1 provides a schematic representation of how different load
levels affect the composite adherends and eventually cause failure by delamination.
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“Interlaminar” failure of composite adherends

Figure 2.1: Effect of load level on the deformation and interlaminar failure of the
composite adherends.

Multiple methods, e.g. the use of mixed adhesive joints (combining two adhesives
in a single joint) [15-18], Z-pins [19, 20], 3D weaving [21], stitching [22], braiding
[23], and the use of additional thermoplastic inter-plies [24] have been proposed to
prevent delamination and improve the strength of composite joints. The use of
composite metal laminates [25, 26] or hybrid composites [27] is another method to
improve strength of composite materials, which can increase transverse strength on the
critical surface region [25] and/or result in a reduction of the shear stresses acting on
the adhesive [27].

Multiple review papers have been published on the subject of adhesive bonding of
composite substrates [4, 28-31], describing a wide range of methods suitable to improve
joint performance under different loading conditions. The current study further
contributes to the literature by providing a detailed analysis of the recent developments
on adherend modification of adhesively bonded composite joints. The effects of
stacking sequence, the use of thin-plies and composite metal laminates, and the use of
toughened surface layers on the mechanical performance of adhesively bonded joints
(under different loading conditions) have been summarized and analysed in detail.

2.2 Joint configuration and manufacturing

2.2.1 Joint geometry

The mechanical performance of a bonded joint is known to be highly dependent on
joint geometry, which includes factors such as the overlap length (I), adherend thickness
(T), adhesive thickness (t) and the adherend and adhesive elastic modulus and shear
strength [32]. Figure 2.2 presents a schematic design of a single lap joint, illustrating
the aforementioned parameters.
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B Composite adherend
B Adhesive

Figure 2.2: Schematic design of a single lap joint.

Multiple research studies have been carried out to understand the effect of the
overlap length in composite joints. It could be generally stated that, if the adherend does
not fail or yield, an increase in the overlap length will lead to an increase in the failure
load of the joint. This is known to occur even under different loading conditions e.g.,
under quasi-static and impact loads [33-35] and could be explained by the substantial
effect that the overlap length has on the peel stress. However, if stiff and brittle
adhesives are used, an increase in the overlap length will result in a more modest (or
even negligible) increase of the failure load, which is in contrast to that found for joints
bonded with a ductile adhesive, where the increase in failure load is found to be almost
directly proportional to the overlap length. This can be explained by the fact that severe
stress concentrations are generated at the overlap ends by the stiff and brittle adhesive,
leading to premature failure. These stress concentrations are present even for very large
overlap length values, reducing the effectiveness of increasing this dimensional
parameter.

2.2.2 Effect of surface preparation

To ensure maximum joint strength, the bonding surfaces must be thoroughly
prepared before adhesive application, which is often a costly and time-consuming
process but essential to avoid adhesive failure. Furthermore, bond strength and
durability are known to be extremely sensitive to environmental parameters such as the
temperature and humidity, both of which can have a deleterious effect on the
adhesive/adherend interface and degrade the level of adhesion.

Many different chemical and physical surface treatments are currently available for
composites. A proper surface treatment for composite adherends should always seek
the removal of all contaminants from the surfaces and ensure a good level of adhesion,
which can be achieved through an increase of surface energy and the chemical
activation of material surfaces being bonded or increasing the roughness of the surface
[36-38]. These employ different methodologies, such as mechanical abrasion [39],
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degreasing the surface with solvent [40, 41], laser ablation [42, 43], plasma treatment
[44, 45], peel ply technique [45-49], irradiation [50], grit blasting [51, 52] or chemical
surface activation [53].

It is important to take into account that the bulk mechanical properties of a composite
can be strongly affected by surface treatments. For example, severe abrasive treatments
can damage the composite and adversely affect the joint behaviour [54, 55] and bond
strength [56, 57]. This is because the fibres closer to the surface can be damaged (see
Figure 2.3) by abrasion, reducing composite strength, the adhesion of the fibres to the
matrix and may even introduce contamination through loose microparticles [58].
Nonetheless, these microparticles can be removed with the use of suitable power
ultrasonic cleaning methods, and, hence, the use of primer coating together with power
ultrasonic cleaning leads to a significant increase in strength [59].

Matrix cracking Matrix cracking Light removal of epoxy matrix and
_ flattening of exposed fibres
vaeaVatag ? vy v 0 v
) ®o_©O » o0 ® ) oo 00O
0%.50%,%,¢ 0% 000 0
00 409,49, 0% 0 00 oy
() (b)
Figure 2.3: Schematic design of composite after (a) grit blasting and (b) sanding. Adapted
from [60].

2.2.3 Effect of manufacturing process

The manufacturing process of composite joints can follow three different
approaches, the selection of which can be dependent on the curing temperature of the
composite and adhesive. These processes are known as co-curing, co-bonding and the
secondary bonding method [30]. A co-bonding process is performed when one
adherend is cured simultaneously with the adhesive, while in the co-curing process both
adherends and the adhesive are simultaneously cured. Secondary bonding is when the
adhesive layer is cured between two pre-cured composite substrates [30, 61, 62]. Figure
2.4 shows a schematic design of the mentioned manufacturing methods.
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Figure 2.4: (a) Co-bonding, (b) Co-curing, and (c) Secondary bonding. Adapted from [30].

Each of these manufacturing methods is known to have its own specific advantages
and disadvantages [63]. For secondary bonded joints, failure it is known to occur in the
composite [64] and edge effects are not so predominant [22]. On the other hand, in co-
bonded joints, failure typically occurs in the adhesive since greater resistance to crack
initiation and propagation has been observed [64] and significant edge effects are
known to exist [22]. However, co-bonded joints have been shown to have a lower
strength than the secondary bonded joints under a wide range of loading conditions [65-
68]. In some cases, the moisture present in the prepreg was found to be released during
curing and migrate to the adhesive layer, which leads to a weakening of the interface
and lower strength of the co-cured joints [67, 69]. Notwithstanding, co-curing or co-
bonding methods are usually preferred over the secondary bonding methods, because
the number of parts and curing cycles needed are reduced. Hence, secondary bonding
is mostly used for the repair of composite structures while for large and complex
structures the secondary bonding process is more suitable [30, 70].

2.3 Adhesive layer modifications

2.3.1 Mixed and functionally graded adhesive layer

Low joint performance is usually the result of a non-uniform distribution of stresses
in the bond line in adhesive joints [71]. A non-uniform stress distribution is even more
obvious in joints with dissimilar adherends and joints operating in an extreme
temperature range [72]. In composite joints, the stiffness of the adhesive used for
bonding composites is known to be one of the key parameters controlling the onset of
delamination, with several authors demonstrating that the use of low strength yet
flexible adhesives through the bondline is able to outperform stronger joints [73].

Mixed adhesive joints in which two different adhesives (one ductile and one brittle
adhesive) are used along the bondline, are known to be a valid method to avoid the
formation of non-uniform stress distribution in a bondline. In this approach, the brittle
adhesive is utilized in the middle part of the bondline and the ductile adhesive is used
at the overlap ends, where higher stress concentrations occur (see Figure 2.5) [74, 75].

15



The mixed adhesive concept is also a viable alternative for joints with dissimilar
adherends or operating under demanding environmental conditions [76].

L L,
B Adherend —_—

B Ductile adhesive
L
Figure 2.5: Mixed adhesive joint.

Generally, studies on structural adhesive joints for bonding aluminium with
composite materials have led to the conclusion that the most suitable adhesives for use
in these configurations are toughened epoxies (where stiffness is indispensable) and
polyurethanes (for dynamic mechanical requirements that call for flexibility) [77].
These materials are also suitable for combination in a mixed adhesive joint with
composite substrates. Nonetheless, it should be mentioned that the performance of a
mixed adhesive joint under different loading and testing conditions is highly dependent
on the material properties of the both brittle and ductile adhesives used [16]. The work
of Machado et al. [78] demonstrated this by studying single lap joints combining of
four different adhesives in a mixed adhesive configuration (AV 138 and XNR 6852 as
stiff adhesives and DP 8005 and RTV 106 as flexible adhesives). According to the
results, for both quasi-static and impact loading conditions, the use of a mixed adhesive
joint instead of single adhesive layers does not always guarantee an improvement of
the shear strength and this is especially evident when the performance (under different
loading conditions) of mixed joints is compared with the use of a brittle and ductile
single adhesive joint.

2.3.2 Nano-reinforced adhesive layers

Adhesive layers modified with the use of nanoparticles has been a recent topic of
interest [79]. The failure load of a nano-reinforced joint is significantly affected by the
ratio and type of the added nanostructure [80]. Further studies have shown that the
addition of a small amount of nanoparticles to the adhesive, as low as 1-1.5%, often
results in a drastic improvement in mechanical strength [8, 80-83] both in the shear and
tensile loading modes [81, 84-87]. This behaviour is the result of a more efficient stress
transfer between nanoparticles and the polymer matrix, which improves the cohesive
properties of the bond. However, some works report a decrease in the peel strength of
the bonded joints [81], attributed to an increase in the glass transition temperature (Tg)
and the increased brittleness of the adhesives with larger nanofiller content. The
addition of nanoparticles improves the interfacial wettability of the substrates
(composite or metal) [81, 88] and it is known to be the reason behind drastic shifts in
the failure mode [89], which changes from interfacial failure, with no significant
damage on the composite adherends, to cohesive failure in the adhesives, where the
load is more effectively transferred to the adherends [8]. It has also been reported that,
due to their small dimensions, nanofillers can penetrate into small voids on the adherend
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surface, allowing for the joint strength to be enhanced via improved mechanical
interlocking [90]. Furthermore, fracture surfaces also seem to be strongly affected by
the addition of nanoparticles, often transitioning from a relatively smooth surface to a
rougher and grooved morphology [81, 88]. In practice, this suggests that more energy
is needed to break the material if an optimal amount of nanoparticles is used [88]. The
definition of this optimal value is where the main challenge of using these
reinforcements lies, since the addition of particles above a given value will eventually
result in a composite joint with reduced static performance [8, 80, 81]. This limit can
be attributed to the eventual formation of poorly connected material and agglomerations
in specimens with a higher amount of the filler content [8, 81] or incompatibilities
between the particles and the adherend surfaces and adhesive [8].

Carbon nanotubes (CNTSs) are being widely used as reinforcement nanofillers in
polymer nanocomposites and are categorized as single-, double-, or multi-walled, based
on the number of concentric graphene sheets rolled together to make up the nanotube.
Multi-wall carbon nanotubes (MWCNTS) are often employed as reinforcing nanofillers
in composite materials, which results in materials with high strength and stiffness [7,
91]. MWCNTSs can also be used to reinforce adhesives [12, 92] and have shown to be
an effective alternative for improving mechanical (toughness, strength stiffness,
fracture energy), electrical, and thermal properties for multiple applications [91, 93-
96]. Improvements in adhesion can also be expected, as reductions in the contact angle
have been reported as a result of the inclusion of a low content of MWCNTS in epoxy
[94]. Additionally, the presence of MWCNTSs in adhesives results in the enhancement
of the resistance to crack formation and propagation [7]. These materials can potentiate
crack bridging, and act as a barrier in the crack propagation path [91].

2.4 Substrate modifications

Research has been carried out on the modification and adjustment of composite
properties, seeking to optimize the joint performance in a holistic manner. Different
methods have been found to have a positive influence on strength e.g. by increasing the
rigidity of the adherends [34]. This could be achieved by modifying both or at least one
of the adherends to minimize the rotation of the joint and promote a more uniform
distribution of the stresses acting in the adhesive.

2.4.1 Effect of stacking sequence

In composite joints, the stacking sequence of the adherends is a powerful parameter
controlling joint performance and, thus, has been the target of extensive study. It is
worth noting that the effect of varying the stacking sequence is highly dependent on the
joint configuration and on the material properties. The optimized stacking sequence can
be varied by changing these parameters. Ostapiuk and Bienia [97] studied two different
stacking sequences, unidirectional and crossply, for the composite part of a composite
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metal laminate single lap joint under quasi-static loading. Their results showed that
regardless of the composite type and the surface preparation, the crossply presented the
highest failure load. This may be due to the more complex crack path expected for an
initiated crack in the angle-plied composite. Ozel et al. [98] studied four different
stacking sequences in composite single lap joints ([0]ess, [0/90]as, [45/-45]4s and [0/45/-
45/90]2s). The [0]16 stacking sequence was found to present a higher failure load than
the angle-plied configurations, except for the [0/45/-45/90]2s layup. Based on their
numerical study, they concluded that this is because of the low peel stresses acting on
the overlap edges of the adherends with quasi-isotropic stacking sequence.

Purimpat et al. [99] showed that the strength of the specimens is dependent on both
the local orientations and the global properties of the laminates. A vast study was
performed on a composite single lap joint with Quasi-Isotropic Quasi-Homogeneous
(QIQH) sequences and it was concluded that, since it is more probable for the final
failure to occur in the 0° layer (seat of the final break), it could be assumed that as
distance from the adhesive layer increases the complexity of the crack path and thus
raises the joint strength increases [99]. This can be seen schematically in Figure 2.6. In
general, the optimum stacking sequence is highly dependent on the joint configuration.
However, stacking sequences with unidirectional fibres parallel to the loading direction
and quasi-isotropic stacking sequence tend to perform better for many common joint
configurations, such as the single lap joint.
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Figure 2.6: Effect of 0° layer distance from surface in quasi isotropic laminate.
Adapted from [99].

2.4.2 Thin-ply laminates

The use of thin-ply laminates is a relatively recent approach for substrate
modification. Thin-ply laminates are defined as those composed by plies with a
thickness of less than 100 um [100, 101]. These layer thicknesses became available
through recent developments of the spread-tow process [102], which produces flat,
straight plies until a dry ply thickness as low as 20 um is reached [103]. The use of thin-
ply laminates brings a higher degree of freedom to layup design (both in orientation
and the quantity of the individual layers) [104]. Furthermore, due to the reduced layer
thicknesses and the improved resin spreading process, more homogeneous fibre
distribution and smaller resin-rich regions can be achieved [105]. The higher number
of layers and the associated higher number of interfaces also causes the shear stresses
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to be lower [104]. Thinner plies are acknowledged to have higher resistance against
matrix cracking [106, 107].

Currently, the use of thin-ply laminates is mainly driven by the search for enhanced
static mechanical performance [100] as well as the ability to suppress transverse
microcracking [104] and free edge delamination [106-109]. The crack suppression
effect may be caused by a decrease in the energy release rate at the crack tip in the thin
layer [110]. Additionally, thin-plies have other unique advantages, such as higher in-
situ transverse strength. The theory of in-situ strength was proposed by Camanho et al.
[111], to demonstrate that a decrease in ply thickness can be correlated to an in-situ
effect, characterized by a reduction in the applied stress needed to extend a transverse
crack, along the thickness of the ply, when the ply thickness increases.

2.4.3 Composite metal laminates

Generally, metals are known to have better damage tolerance and to fail in a more
predictable manner compared to composites. Metals are also generally unaffected by
solvents and temperature levels which readily degrade polymers [30]. Therefore, in
order to optimize the benefits provided by both types of materials in what regards to
the strength, weight and durability of structures, a combination of traditional metals
with composite materials has been pursued in recent years [30]. These materials are
typically known as Composite Metal Laminates (CMLSs) and were initially developed
for applications in the aerospace industry. These materials consist of metal and
composite layers, as it can be observed in Figure 2.7. Carbas et al. [112] showed that
the strength of hybrid joints can be increased when aluminium sheets are placed in the
outer layers of the lay-up. The aluminium sheets are able to prevent delamination and
serve as a local reinforcement which leads to increased strength over the composite
joints. The increase was observed not only under quasi-static loading [113], but also
under intermediate [113] and impact [114] testing rates. This can be explained by the
minimization of the stress concentrations at the edges of the overlap, as the compliant
and tough metal plate is able to redistribute stresses over a much larger area without
any failure.

CFRP
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Figure 2.7: CML configurations studied by Carbas et al. [112].
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In a related work, Santos et al. [115] studied novel single lap joints of CFRP joints
with composite metal laminates and additional adhesive layers (see Figure 2.8).
Experimental results showed an increase in the novel single lap joints compared to the
ones without an additional adhesive layer.
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= CFRP
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Figure 2.8: Studied configurations by Santos et al. [115] for CML and CMLs with
additional adhesive layers.

2.4.4 Toughened surface layers

The use of toughened, non-metallic, surface layers in composite layups represents
another alternative for improving the performance of bonded composite joints under
different loading conditions. In this method, a high toughness and compliant layer is
applied to both outer surfaces of the composite material which will serve as an adherend
in a bonded joint. The toughened layer could take the form of a non-reinforced resin or
a more flexible fibre reinforced composite material. The use of toughened adherends is
known to delay [113] or even completely eliminate [89] delamination failure in joints
with composite substrates. Different possible configurations of composites toughened
with polymer layers are schematically presented in Figure 2.9.
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Figure 2.9: Schematic design of (a) CFRP, (b) single external adhesive layer, (c) a
single interlaminar adhesive layer and, (d) three interlaminar adhesive layers. Adapted
from [113, 116].

The use of a single interlaminar adhesive layer, three interlaminar adhesive layers
and a single external adhesive layer , in a concept generally known as Adhesive Layer
Reinforcement (ALR), has been shown to perform better than the reference CFRP only
joint under quasi-static loads [116]. The configuration with external adhesive layers
exhibited the highest strength increase, raising 23% above the failure load of the
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reference CFRP only joint. Most importantly, the failure mode changed from
delamination to cohesive failure of the adhesive itself, while the reinforcement layer
remained fully intact [113, 116]. Experimental studies have demonstrated that the use
of toughened adherends results in an enhancement of the shear strength of bonded joints
[89] loaded under different testing rates (quasi-static, intermediate rate and impact
loading) [113, 116]. However, it has to be mentioned that an optimum thickness of
toughened material is dependent on the specific characteristics of the adherend to avoid
drastic decreases of the joint strength [113]. In a study from Ramezani et al. [113]
toughened hybrid single lap joints and the obtained results clearly show that the use of
toughened layers in composite joints leads to an effective increase in joint strength.
This increase is the result of two different factors. The first is the increased loadbearing
capability provided by yielding of the toughened surface layer before failure occurs
[89]. The second factor is associated to the lowered stiffness of the surface toughening
material, which is usually substantially below that of the base composite material and
thus reduces the presence of stress concentrations at the edges of the overlap length of
the bonded joint [113].
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Chapter 3

Materials and experimental methods

In this chapter, the materials used, as well as the general mechanical test preformed
to characterize the thin-ply composite are presented. The experimental tests are divided
into three sections: first, unidirectional laminates under static, high-rate and impact
loading, second, angle-plied laminates under static loading and, and finally, single lap
joints under static, high-rate and impact loading.

3.1 Experimental details

3.1.1 Adhesive

The adhesive used in this work was an epoxy structural adhesives in film form with
ply thickness of 0.20 mm and commercial reference "Scotch Weld AF 163-2k" (3M,
Saint Paul, Minnesota, USA) [117]. The adhesive was cured following manufacturer's
recommendations, at 130°C for 1 hour. The mechanical properties of AF 163-2k
adhesive are presented in Table 3.1.

It should be noted that an extensive examination of the impact of various adhesives
was conducted, and further testing was undertaken to select the most appropriate
adhesive for the study. The adhesives investigated included Nagase XNR6852E-3 and
Araldite AV 138M-1/HV 998-1adhesives. However, the aforementioned paste adhesive
necessitates a secondary bonding procedure, which is more time-consuming.
Furthermore, the film AF 136-2K is well-suited for aeronautical applications and
exhibits superior adhesion during manufacturing using the co-curing manufacturing
procedure.

Table 3.1: Main mechanical properties of "AF 163-2k" [116].

Mechanical property Value
Young’s Modulus [MPa] 1521.87
Shear Modulus [MPa] 563.67
Tensile strength [MPa] 46.93
Shear strength [MPa] 46.93
Gic [N/mm] 4.05
G [IN/mm] 9.77
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3.1.2 Conventional composite

The materials used in the studied configurations were chosen to be as representative
as possible of a final application in the aerospace sector. Thus, a unidirectional prepreg
carbon-epoxy composite with ply thickness of 0.15 mm was selected, with the
commercial reference "Texipreg HS 160 T700" (Seal Spa, Legnano, Italy). This is an
orthotropic material, whose mechanical properties are presented in Table 3.2. The
elastic mechanical properties of the conventional composite correspond to the
orientation of a 0° composite ply (1 and 2 are defined as fibre and transverse direction
respectively). Moreover, the conventional composite’s resin cohesive property is
presented in Table 3.3.

Table 3.2: Conventional composite mechanical properties [118].

Mechanical property Value
E, [MPa] 109000

E, [MPa] 8819

Gy, [MPa] 4315

G,3 [MPa] 3200

Uiy 0.34

U 0.38

Table 3.3: Cohesive properties of the conventional composite [119].

Property Value
Tensile strength [MPa] 25
Shear strength [MPa] 135
Gic [N/mm] 0.33
Gric [N/mm] 0.79

3.1.3 Thin-ply

Unidirectional 0° oriented carbon-epoxy prepreg composite with ply thickness of
0.07 mm was selected, with the commercial reference NTPT-TP415. The elastic
orthotropic properties for this thin-ply were characterised using a servo-hydraulic
testing machine (Instron 8801), with a load cell of 100 kN and following appropriate
testing standards. Thin-ply was fully characterised in Paper D. Table 3.4 and 3.5 shows
a summary of mechanical property characterization for NTPT-TP415 thin-ply.

Table 3.4: Thin-ply mechanical properties.

Mechanical property Value
E, [MPa] 101720

E, [MPa] 5680

G1, [MPa] 3030

G5 [MPa] 3030

Ui, 0.38

Va3 0.04
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Table 3.5: Cohesive properties of the thin-ply composite.

Property Value
Tensile strength [MPa] 35
Shear strength [MPa] 32
G [N/mm] 0.76
Gric [N/mm] 0.83

3.2 Manufacturing procedures

3.2.1 Laminate manufacturing

The manufacturing process for both the reference conventional and the thin-ply
composite starts with a layer-by-layer stacking of the plies. This process is continued
until the desired thickness is reached. Detailed manufacturing process for the composite
laminates were presented in Paper B, Paper C and Paper D. Five different
configurations for the hybrid laminates, as shown in Figure 3.1, were considered
studying the effect of thin-ply thickness and thin-ply distribution in unidirectional
composite laminates under static loading (see Paper B). In which for instance hybrid
(25% thin-ply) contains 25% of thin-ply of the total thickness of the composite laminate
placed on the outer surfaces. The study was continued by investigating the
configuration presenting the best result under high-rate and impact condition (see
Paper C).
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Figure 3.1: Schematic design for unidirectional conventional composite, thin-ply, and hybrid
laminates.

Afterwards, in Paper D, the hybrid (25%thin-ply/3) configuration was considered
and for the first stage, in a hybrid laminates, the conventional composite was kept
unidirectional (0°) and thin-ply layers were oriented at [45/-45], and [0/90]» seeking
symmetry of the final laminate. Moreover, the reference angle-plied thin-ply laminates
([0/90]ns and [45/-45]ns) were also examined.

For the second stage, both the thin-ply and the conventional composite layers were
oriented at [45/-45]n and [0/90]. seeking symmetry of the final laminate. Moreover, the
reference oriented conventional composite laminate ([0/90]ns and [45/-45]ns) was also
studied. The studied configurations for the angle-plied laminates are presented in Figure
3.2.
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Figure 3.2: Schematic design of the angle-plied hybrid laminates.

3.2.2 Single lap joint manufacturing

The manufactured SLJs were based on the geometry shown in Figure 3.3. The width
for all specimens under consideration was set as 15 mm.

The manufacturing process of the reference conventional composite single lap joints
starts with the layer-by-layer stacking of the conventional composite adherend, until
the desired adherend thickness is attained (3.6 mm). In this case, 24 layers of
conventional composite were used. A schematic design of the reference conventional
composite, thin-ply and hybrid configurations was presented in Figure 3.3. The
manufacturing process of the adhesively bonded composite joints was explained in
details in Paper E, Paper F and Paper G.

While the final configuration for the single lap joints incorporated an overlap length of
25 mm, it is important to note that initially, a 50 mm overlap length was considered.
However, following experimental and numerical studies, it was discovered that
utilizing a 50 mm overlap length resulted in induced stress in the joint during loading
approaching the maximum strength of the adherends. Consequently, this limited the
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potential for enhancing the joint's behavior. Therefore, the overlap of the joint was
decreased to 25 mm to allow for greater scope for improvement.

25 mm
| | — Jisom
-« > ®
25 N
mm Overlap area
3.6 mm,
| BN ikt S B
3.8 mm} f J j HIRR |
A ad N S N »
Alignment tab’ 120 mm ™

(a)
W Thin-ply |:

B Conventional composite
B Adhesive

1!

(b)

(c)
Figure 3.3: Schematic design of reference (a) conventional composite, (b) thin-ply
and, (c) hybrid (25% thin-ply) single lap joints.

3.3 Testing conditions

For the static and high-rate loading the specimens (the composite laminates and the
single lap joints) were tested using a servo-hydraulic testing machine (Instron 8801),
with a load cell of 100 kN at a constant crosshead speed of 1 mm/min and 0.1 m/s
respectively. A minimum of three repetitions were performed for each of the
configurations tested.

For the dynamic impact loading condition, the composite laminates or the single lap
joints were tested at constant crosshead speeds of 2 m/sec. An in-house developed drop-
weight testing machine was used to carry out impact tests on the specimens [120]. This
machine grips the upper part adherend, leaving the lower portion free. A mass is then
dropped from a specific height, causing an impact on the lower part of the grip and
loading the specimen in tension-shear. The impact velocity is determined by the drop
height, which follows the principle of energy conservation. For the impact tests in this
study, a 50 kg mass and an impact velocity of 2 m/s were chosen, resulting in an impact
energy of 100 J. Four repetitions were performed for each configuration under analysis.
All tests were performed under laboratory ambient conditions (room temperature of
24°C, relative humidity of 55%).

3.4 Unidirectional laminates

The experimentally obtained results including the stress-strain curves obtained using
Digital Image Correlation (DIC), load-displacement curves, damage initiation sites,
crack propagation and crack path through the thickness for the reference conventional
composite, thin-ply, and hybrid laminates under static and dynamic loading is presented
in details in Paper B and Paper C respectively. Under static loading, the highest values
and failure load and failure displacement were found for the hybrid (12.5%thin-ply)
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and hybrid (25%thin-ply) configuration. With an increase in the thin-ply thickness
through the overall thickness of the composite laminate a considerable increase in the
transverse strength of the composite laminate was observed. However by further
increasing in the thin-ply thickness (up to 50%) a decrease in the transverse strength
was observed which was mainly controlled by the thin-ply material (see Figure 3.4).
The same trend could be observed for loading the composite laminates under high-rate
and impact loading. According to the DIC study the conventional composite could
undergo high level of stress with a brittle behaviour. Accordingly a premature failure
is expected in the case of conventional composite. However, the thin-ply material could
undergo lower level of stress with a ductile behaviour. Therefore, when combining
these two materials in the case of hybrid (25%thin-ply), the laminate could undergo
higher level of stress retaining a ductile behaviour compared the conventional
composite laminate and accordingly preventing premature failure.

Investigating the specimens after failure it could be generally stated that the crack
initiation starts on on side of the laminate propagating through the thickness ending on
the other side of the composite laminate. However, for the hybrid laminates the crack
initiates in the conventional composite and as propagates through the thickness, the
interface of the thin-ply and the conventional composite acts as a barrier against the
crack propagation. This is known to be due to two main reasons. First, due to the more
uniform fibre distribution of the thin-ply composite in the matrix, the crack path through
the thickness is expected to be more complicated compared to the conventional
composite. Second, this could be also directly attributed to higher fracture toughness of
the thin-ply material.

In Paper B, Scanning Electron Microscope (SEM) study was preformed to validate
the difference between the conventional and thin-ply composite in micro scale.
Moreover, the examination of failure surfaces in both the reference conventional
composite and the hybrid laminates, featuring a 25% thin-ply content in Paper C, to
determine the failure mechanism.

|

10

6 .

Failure load [kN]

AN

Figure 3.4: Experimentally obtained failure load for the reference and hybrid laminats
reinforced using thin-plies under static traseverse tensile loading.
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3.5 Angle-plied laminates

The experimentally obtained results including the load-displacement curves and
crack path through the thickness for the angle-plied reference conventional composite,
thin-ply, and hybrid laminates under static loading is presented in details in Paper D.
Experimental results confirm that using angle-plied laminates in the reference or hybrid
laminate increases the failure load under out-of-plane tensile loading (see Figure 3.5).
This is because the crack path through the thickness is more complex in angle-plied

laminate than unidirectional laminates. This is in line with the literature review.
10

6 1

Conventional composite
® Thin-ply
2 u Hybrid (25%thin-ply/3)

Failure load [kN]

[0]2ns [45/-45]ns [0/90]ns
Figure 3.5: Experimentally obtained failure load for the unidirectional and angle-plied
laminates for reference and hybrid configurations reinforced using thin-plies under
static traseverse tensile loading.

3.6 Single lap joints

The experimentally obtained results including load-displacement curves, damage
initiation sites and final failure surface for the reference conventional composite, thin-
ply, and hybrid single lap joints under static and dynamic loading is presented in details
in Paper E and Paper F respectively. According to the experimentally obtained results,
the replacement of conventional composite with thin-ply material in a composite
laminate used as an adherend in a single lap joint leads to an increase in the strength of
the structure for different loading rates (see Figure 3.6). Damage initiation sites were
determined in the specimens while testing using a high-speed camera. According to the
observation the crack initiation in both references (single lap joints with conventional
composite and thin-ply) occurs in the adherend. This is while for the hybrid single lap
joint the crack initiation occurs in the adhesive layer. This explained the less amount of
delamination observed in the failure surface of the hybrid single lap joint compared to
both references. Moreover, the examination of failure surfaces in both the reference
conventional composite and the hybrid laminates under static loading, featuring a 25%
thin-ply content in Paper E, to determine the failure mechanism in composite single
lap joints. According to the observations, fibre breakage and fibre matrix debonding
has been the predominant in the failure surface of single lap joints with conventional
composite compared to hybrid single lap joints. Additionally, the effect of adherend
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thickness in the strength of the hybrid (25% thin-ply) single lap joint was investigated
under static loading which the results are presented in Paper G.
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Figure 3.6: Experimentally obtained failure load for the reference and hybrid single
lap joints reinforced using thin-plies different loading rates.
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Chapter 4

Numerical studies

In this chapter, the main characteristics of the numerical models conducted are
presented. The simulations are divided in three main groups: unidirectional laminates
under static, high-rate and impact loading, angle-plied laminates under static loading
and, single lap joints under static, high-rate and impact loading. The Finite Element
Analysis (FEA) was performed using the Abaqus software.

4.1 Unidirectional laminates

Initially, only a small-scale RVE of conventional composite and thin-ply with the
dimension of 0.16x0.2 (mm)? was generated for the static loading condition. The main
purpose of this initial RVE was to study the distribution of fibres as close as possible
to that found through SEM images mentioned in Paper B, allowing to represent the
presence of resin-rich and fibre-rich areas in the model (see Figure 4.1). Moreover, the
number of fibres was calculated using resulting in total of 291 fibres for the initial
RVEs. The properties of the fibre and matrix (for the conventional composite and thin-
ply) are presented in Paper B, Paper C and Paper D.

A large 2-D elastoplastic RVE model with dimensions of 1.6x1.6 (mm)? was
studied using the ABAQUS commercial finite element package. These dimensions
were selected to permit the analysis of all configurations under study. The detailed
information about the boundary condition and mesh of the numerical models is
mentioned in Paper B.

() (b)
Figure 4.1: Initial RVE for the (a) conventional composite and (b) thin-ply under
static loading.
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However, to model the reference and hybrid composite laminates under high-rate
and impact loading in Paper C, the mentioned initial RVEs were modified in order to
replicate more realistic resin-rich and fibre-rich area as shown in Figure 4.2. The
detailed information about the boundary condition and mesh of the numerical models
is mentioned in Paper C.

o9 ﬂ. w ﬁ )
. [ o
Conventional .
composite matrix v\&.

Conventional

®
composite fibre V\ﬁ

Thin-ply matrix

Thin-ply fibre

(b)
Figure 4.2: Modified initial RVE for the (a) conventional composite and (b) thin-ply
under dynamic loading.

As the strength of fibres is much higher than that of the matrix, failure is always
expected to occur in the matrix. Therefore, stresses in the fibres were eliminated from
the results in Paper B and Paper C in order to better highlight the behaviour of the
matrix. Also, the colour scale was limited to maximum stress within the conventional
composite matrix (148 MPa) and any elements with stress values higher than this value
are shown in a grey colour in Paper B and Paper C. Therefore, the elements that
exceeded the matrix maximum strength in the RVE models are expected to correspond
to the initiation of matrix failure. It has to be mentioned that the area of the failed
elements in the RVE models per total area of the RVE was defined as the level of failure.
According to the results the level of failure decreases considerably with the replacement
conventional composites with thin-ply in the composite laminates in different loading
condition which is illustrating higher strength and this is in line with the experimentally
obtained results.

4.2  Angle-plied laminates

A 3D RVE model was employed to better understand the advantages associated with
angle-plied laminates in micro scale under static loading. Following the result of the
SEM micrographs presented in Paper B, the model was designed to account for the
difference in fibre distribution between the conventional and the thin-ply composite
(fibre clustering in conventional composite RVE and relatively uniform fibre
distribution for the thin-ply).
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Therefore, fibre directions of [0], [45/-45] and [0/90] were considered (see Figure
4.3 and Figure 4.4). The detailed information regarding the dimension of the numerical
models and boundary condition applied was presented in details in Paper D.

(a) (b) (c)
Figure 4.3: RVE models for (a) unidirectional [0] and angle-plied (b) [45/-45] and (c)
[0/90] conventional composite.

(@) (b) (©)

Figure 4.4: RVE models for (a) unidirectional [0] and angle-plied (b) [45/-45] and (c)
[0/90] thin-ply.
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4.3 Single lap joints

In Paper E, Paper F and Paper G a 2D static, 2D explicit and 3D implicit dynamic
loading was used for static, high-rate and impact loading respectively. The boundary
conditions were defined as shown in Figure 4.5. A cohesive zone model was used to
model the adhesive behaviour, employing 4 node elements cohesive quadrilateral
elements. Non-linear geometrical effects were included. Triangular traction separation
laws were applied to the adhesive and composite material of the model to simulate
damage evolution as the cohesive failure in the adhesive layer or delamination in the
composite material respectively. The interlaminar cohesive element layers in the
composite material were placed in between elastic homogeneous sections (see Figure
4.6) and effectively simulate the possible debonding between the plies of composite.
The thickness of the cohesive layer is considered as the thickness of one equivalent
composite ply (0.07 mm for thin-ply and 0.15 mm for conventional composite). The
distance of the cohesive layers in the composite material is explained in details in Paper
E, Paper F and Paper G. The load-displacement curves, damage initiation sites and
final failure mode was investigated for each configuration and presented in details in
Paper E, Paper F and Paper G. According to the results the numerical simulation
could accurately predict the failure load see Figure 4.7, displacement at failure at
different loading rates. Also the crack initiation sites for the configurations under static
loading and the final failure mode was precisely comparable with the experimentally
obtained results.

It is worth noting that, in addition to CZM numerical modeling, the Extended Finite
Element Method (XFEM) approach and Hashin composite failure criteria were
employed to simulate the behavior of the configurations under various loading
conditions. However, it was ultimately discovered that since delamination emerged as
the primary failure mode in the joints, CZM proved to be the most effective damage
model for representing the failure in the numerical simulations.

Figure 4.5: Boundary condition of simulated single lap joint
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Figure 4.6: Assigned mechanical properties for (a) conventional composite, (b) thin-
ply and, (c) hybrid (25%thin-ply) single lap joint.
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Figure 4.7: Numerically obtained failure load for reference and hybrid single lap
joints reinforced using thin-plies under different loading rates.
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Chapter 5

Conclusion

This work is a combination of tasks and, therefore, the conclusions are going to be
divided in three main sections: (i) conclusions from the use of unidirectional hybrid
composite laminates under static, high-rate and impact loading; (ii) conclusions from
hybrid angle-plied laminates under static loading; (iii) reference and hybrid single lap
joints reinforced by thin-plies under static, high-rate and impact loading.

Unidirectional composite laminates

= Experimental results show that the hybrid composite laminates using 25% of
thin-plies present considerably higher failure load under different transverse
tensile loading conditions when compared to the reference conventional
composite laminates. This is mainly due to higher ductility, regularity, and
homogeneity conferred to the material by the presence of thin-plies.

= Analysis of the failure mechanism reveals that the thin-ply layers effectively
impede crack propagation, primarily due to their more uniform fibre
distribution and reduced presence of resin-rich and fibre-rich areas.

= Distributing a constant amount of thin-ply through the thickness increases
the failure load.

= Numerical simulations using a 2D representative volume element model
indicate that the conventional composite model exhibits a larger number of
elements surpassing the maximum strength of the matrix (which have failed)
compared to the hybrid (25% thin-ply) model.

= A decrease in level of failure was observed numerically as the loading speed

transitions from static to high-rate and from high-rate to impact loading
which is consistent with the experimental observations.

36



Angle-plied composite laminates

=  Experimental results confirm that using angle-plied laminates in the
reference or hybrid laminate increases the failure load under static out-of-
plane tensile loading. This is because the through the thickness crack path is
expected to be more complex in angle-plied laminate than unidirectional
laminates.

= According to experimental result, hybrid laminates reinforced with thin-plies
and with the stacking sequence of [0/90]ns present the highest strength under
static out-of-plane tensile loads.

= A numerical analysis indicated that angle-plied conventional composite and
thin-ply laminates experience a lower level of failure under static out-of-
plane tensile loading, and therefore the matrix failure process is delayed.
Accordingly, angle-plied hybrid laminates reinforced with thin-plies are
expected to present higher strength compared to the unidirectional ones.

= According to the same numerical study, the stacking sequence of [0/90]ns
presents a lower level of failure compared to [45/—45]ns for both conventional
composite and thin-ply configurations.

Single lap joints

= The use of hybrid (25% thin-ply) composite joints reinforced with thin-plies
exhibit higher tensile strength than conventional composite joints under all
loading conditions.

= According to the experimental observation for the single lap joints under
static loading, damage initiation occurs in the adherend for the reference
conventional composite and thin-ply joint, while for the hybrid (25% thin-
ply) joint, damage initiation occurs in the adhesive layer. Damage propagates
as a combination of delamination and cohesive failure for all configurations.
However, a more limited amount of delamination was obtained for the hybrid
joint under static loading.

= Delamination is the dominant failure mode across all configurations for high-
rate and impact loads.
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Microscopic images of the bond line allowed for the identification of
multiple fibre breakages and fibre pull-outs on the failure surface of the
reference conventional composite configuration. In contrast, the fibres were
still intact and well-aligned in the failure surface of the hybrid joint.

The configurations under analysis were modelled numerically, and a good
agreement was obtained between the numerical and experimental results,
allowing for a precise representation of the damage initiation and failure
processes.
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Chapter 6

Future work

This work can be continued and complemented in the future following different
approaches to study in more detail additional topics left unanswered.

Continuing and expanding upon this work offers numerous avenues for in-depth
exploration of additional topics that have yet to be fully addressed. Specifically, for the
optimized hybrid composite joint reinforced by thin-ply, there's an opportunity to
investigate the impact of aging and temperature variations, comparing the results with
reference joints made using conventional composite materials and thin-ply
reinforcement alone.

Moreover, the study could delve into the effects of cyclic loading on the
aforementioned configuration. By subjecting the joints to cyclic loading conditions,
researchers can gain insights into their durability, fatigue resistance, and long-term
performance, which are crucial considerations for real-world applications

To ensure the relevance and practicality of these investigations, it's essential to select
a real component geometry representative of aeronautical industry applications. This
geometry should be characterized by high strain rates and cyclic loads, aligning with
the operational conditions typically encountered in aerospace environments. By
choosing such a geometry, the study can effectively demonstrate the potential benefits
of the tough hybrid laminate concept in addressing the unique challenges faced by the
industry.

Through these comprehensive analyses and experiments, researchers can advance
our understanding of optimized hybrid composite joints, paving the way for improved
design methodologies and enhanced performance of aerospace structures. Ultimately,
this research has the potential to drive innovation, optimize manufacturing processes,
and contribute to the development of safer and more efficient aircraft systems.
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Abstract: The use of carbon fibre reinforced polymer (CFRP) materials is increasing in many different
industries, such as those operating in the aviation, marine, and automotive sectors. In these appli-
cations, composite parts are often joined with other composite or metallic parts, where adhesive
bonding plays a key role. Unlike conventional joining methods, adhesive bonding does not add
weight or require the drilling of holes, both of which are major sources of stress concentration. The
performance of a composite joint is dependent on multiple factors and can be improved by modifying
the adhesive layer or the composite layup of the adherend. Moreover, joint geometry, surface prepa-
ration, and the manufacturing methods used for production are also important factors. The present
work reviews recent developments on the design and manufacture of adhesively bonded joints with
composite substrates, with particular interest in adherend modification techniques. The effects of
stacking sequence, use of thin-plies, composite metal laminates and its specific surface preparations,
and the use of toughened surface layers in the composite adherends are described for adhesively
bonded CFRP structures.

Keywords: composite materials; adhesively bonded joints; carbon fibre reinforced polymers

1. Introduction

Composites are high-performance and lightweight materials but ones that are hard to
manufacture in large dimensions or in complex configurations [1]. From an industrial point
of view, composite structures are often manufactured in multiple parts that will later be
connected via different joining methods [2]. Joining of composites may take place during
the manufacture of the original structure or during service, when repairing damage or
replacing older components [3]. Multiple well-established joining methods are available
for joining composites, such as riveting, fastening [4] and fusion bonding/welding [5-7] (in
the case of thermoplastic composites). Different joining methods can also be combined in
hybrid processes (using rivets, pins, or bolts) [8,9]. Mechanical joining methods are mostly
known to be reliable, although they increase the weight of the structure [10]. However, these
methods require holes which cut through the composite fibres and damage the composite
laminate during the manufacturing process. This causes stress concentrations and local
delamination, and leads to an overall degradation of the mechanical performance of the
composite structure. In contrast, joining composites using adhesive bonding provides
some important advantages, such as a lower process cost, high strength-to-weight ratio,
low stress concentration, and a higher fatigue resistance [11,12]. Adhesive joints also
distribute the load over a larger area compared to traditional joining methods [13], and
therefore usually result in higher bonding strength. Moreover, adhesive bonding can be
used for bonding similar and dissimilar materials and different thicknesses, which is an
important advantage from an industrial standpoint, as modern structure design hinges on
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the combination of multiple materials with vastly different properties to optimize structure
performance and cost [14].

The strength of an adhesive joint ultimately depends on the stress distribution in the
bond-line and in the adherend, which is a function of different parameters such as the joint
geometry and the material properties of each component (adherend or adhesive). However,
it should be noted that many other parameters substantially affect the joint strength, such
as the service temperature, the humidity level [15], the manufacturing process and the
associated surface treatment. The mechanical properties of structural adhesives can also be
effectively controlled and modified, for example, through the addition of thermoplastic
compounds [16,17] or inorganic particles [18].

Although adhesive bonding provides an important set of advantages for bonding
composites, the low interlaminar strength of composite adherends can lead to important
limitations in the performance of bonded joints with composite adherends [19]. In poorly
designed joints, the peel stresses generated at the bond-line can overcome the limited
transverse strength of the composite and cause failure by delamination at load levels well
below the strength limits of the adhesive. Figure 1 provides a schematic representation of
how different load levels affect the composite adherends and eventually cause delamination.

—] | P

P 1 | —

Composite

Low load level

Maximum stress concentration

Deformation of adherends under moderate load

“Interlaminar” failure of composite adherends

Figure 1. Effect of load level on the deformation and interlaminar failure of the composite adherends.

The stiffness of the adhesive used for bonding composites is also known to be one
of the key parameters which increases the likelihood of delamination failure [20-22]. It
has been experimentally [23,24] and numerically [25,26] shown that the use of mixed
adhesive joints (combining two adhesives in a single joint) reduces the local peel stresses
that lead to delamination. Many other practical techniques have been proposed to prevent
delamination and improve the strength of composite joints, such as the use of Z-pins [27,28],
3D weaving [29], stitching [30], braiding [31], and the use of additional thermoplastic inter-
plies [32]. It should be noted that the Z-pinning method is known to be most effective,
when compared to other methods, but it requires a complex manufacturing process, which
increases the cost of the final product. The use of composite metal laminates [33,34] or
hybrid composites [35] are other methods to improve strength of composite materials,
which can increase transverse strength on the critical surface region [33] and/or result in
a reduction of the shear stresses acting on the adhesive [35]. Recently, the use of hybrid
bonded /riveted joints has also been found to be effective, since these joints are known to
improve static strength and fatigue performance, and present higher energy absorption [9].

Multiple review papers have been published on the subject of adhesive bonding of
composite substrates [8,36-39], describing a wide range of methods suitable for improving
joint performance under different loading conditions. The current study further contributes
to the literature by providing a detailed analysis of the recent developments on adherend
modification of adhesive bonded composite joints. The effects of stacking sequence, the
use of thin-plies and composite metal laminates, specific surface preparations and the
use of toughened surface layers on the mechanical performance (under different loading
conditions) of adhesively bonded joints have been summarized and analysed in detail.
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2. Joint Configuration and Geometry
2.1. Joint Geometry

The mechanical performance of a bonded joint is known to be highly dependent on
joint geometry, which includes factors such as overlap length, adherend and adhesive
thickness, etc. Among the most significant of these parameters are the overlap length (1),
adherend thickness (T), adhesive thickness (t) and the adherend and adhesive elastic
modulus and shear strength [40]. Figure 2 presents a schematic design of a single lap joint,
illustrating the aforementioned parameters.

B Composite adherend
m Adhesive

Figure 2. Schematic design of a single lap joint.

Multiple research studies have been carried out to understand the effect of the overlap
length in composite joints. It can be generally stated that, if the adherend does not fail or
yield, an increase in the overlap length will lead to an increase in the failure load of the joint.
This is known to occur even under different loading conditions e.g., under quasi-static and
impact loads (see Figure 3) [41-43].
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Figure 3. Load-displacement for different overlap length under tensile loading conditions. Adapted
from [44].

This increase in the failure load could be explained by the substantial effect that
the overlap length has on the peel stress, a fact shown numerically by Demiral and
Kadioglu [45,46]. At the same time, the failure load is also highly affected by the ap-
plied strain rate in composite joints, a result of the strain rate sensitivity exhibited by the
adhesive and the polymeric resin of composites [41,44].

However, if stiff and brittle adhesives are used, an increase in the overlap length will
result in a more modest (or even a negligible) increase of the failure load, which is in contrast
to that found for joints bonded with a ductile adhesive, where the increase in failure load
is found to be almost directly proportional to the increase in overlap length. This can be
explained by the fact that severe stress concentrations are generated at the overlap ends by
the stiff and brittle adhesive, leading to premature failure. These stress concentrations are
present even for very large overlap length values, reducing the effectiveness of increasing
this dimensional parameter.

Li et al. [47] presented a thorough experimental study on the effect of adherend
thickness for single lap, double lap and scarf composite joints, where a higher failure load
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was observed for all the mentioned configurations in larger adherend thicknesses (higher
strength for single and double lap joints, but lower strength for scarf joints). In the case of
scarf joints, the authors [47] showed that by increasing the scarf angle a higher lap shear
strength was obtained.

2.2. Effect of Surface Preparation

To ensure maximum joint strength, the bonding surfaces must be thoroughly prepared
before the adhesive application, which is often a costly and time-consuming process, but
essential to avoid adhesive failure. Furthermore, bond strength and durability are known to
be extremely sensitive to environmental parameters such as the temperature and humidity,
both of which can have a deleterious effect on the adhesive/adherend interface and degrade
the level of adhesion.

A proper surface treatment for composite adherends should always seek the removal
of all contaminants from the surfaces and ensure a good level of adhesion, which can
be achieved through an increase of wettability (increasing surface energy and the chem-
ical activation of material surfaces being bonded) or by increasing the roughness of the
surface (and increasing the level of mechanical interlocking between the adhesive and
the adherend) [48-50]. Many different chemical and physical surface treatments are cur-
rently available for composites. These employ different methodologies, such as mechanical
abrasion [51], degreasing the surface with solvent [52,53], laser ablation [54,55], plasma
treatment [56,57], peel ply technique [57-61], irradiation [62], grit blasting [63,64] and
chemical surface activation [65]. It is important to take into account the fact that the bulk
mechanical properties of a composite can be strongly affected by surface treatments. For
example, severe abrasive treatments can damage the composite and adversely affect joint
behaviour [66,67] and bond strength [68,69]. This is because the fibres closer to the sur-
face can be damaged by abrasion, reducing composite strength and the adhesion of the
fibres to the matrix, and may even introduce contamination through loose microparticles
(see Figure 4) [70]. Nonetheless, microparticles can be removed with the use of suitable
high-power ultrasonic cleaning methods, and, hence, the use of primer coating together
with high-power ultrasonic cleaning leads to a significant increase in strength [71].

Matrix cracking Matrix cracking Light removal of epoxy matrix
, and flattening of exposed fibers
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Figure 4. Schematic design of composite after (a) grit blasting and (b) sanding. Adapted from [72].

Laser surface treatment is an eco-friendly and non-contact procedure which dispenses
with harmful chemical solutions and does not introduce secondary contaminations. This
method can be used to provide greater roughness and wettability, leading to higher shear
strength and a cohesive failure mode when compared with conventional mechanical abra-
sion [51,73]. It has also been shown that aging does not significantly degrade the quality of
the laser-treated interface [54]. The use of this approach is well suited for the preparation
of composite adherends [74], although there is still some possibility of local fibre damage
with high accumulated laser fluence [75].

The use of peel ply is a commonly used technique to protect the surface of composite
laminates from contamination, while also creating and maintaining a specific surface



Materials 2023, 16, 568

50f26

texture [59]. A peel ply layer is used to absorb any residual resin and to create an activated
surface for adhesive bonding or coating by peel ply removal. This method is also able to
provide a good surface treatment for bonding purposes.

Different methods are available to assess the pre-bond quality of CFRP surfaces. One of
these is the optically stimulated electron emission (OSEE) [76], able to detect weak adhesive
bonds of CFRP [77], which might have been caused by contamination or poor curing of the
adhesive. Other methods can be used to detect defects in the laminate itself, such as the
use of electromechanical impedance [78], acoustic emission [79] or ultrasonic emission [80],
or the electrical resistance method [13,81-83]. However, interfacial defects in the form of
kissing bonds may still go undetected. Attempts using advanced ultrasonic methods such
as nonlinear ultrasounds, guided waves or digital image correlation (DIC) [84] inspection
to detect kissing bonds have met with limited success. However, some authors report that
DIC can be effective when applied in the case of partial or localized kissing bonds [84].

2.3. Effect of Manufacturing Process

The manufacturing process of composite joints can follow three different approaches,
the selection of which can be dependent on the nature of the composite and adhesive, and
their curing temperatures. These processes are known as co-curing, co-bonding and the
secondary bonding method [38]. A co-bonding process is performed when one adherend is
cured simultaneously with the adhesive, while in the co-curing process both adherends and
the adhesive are simultaneously cured. Secondary bonding is when the adhesive layer is
cured between two pre-cured composite substrates [38,73,85]. Figure 5 shows a schematic
design of the mentioned manufacturing methods.

EBee—— @)

Un-cured laminate

™ Cured laminate %

— (b)

W Adhesive E—
— (©)

Figure 5. (a) Co-bonding, (b) co-curing, and (c) secondary bonding. Adapted from [38].

Each of these manufacturing methods is known to have its own specific advantages
and disadvantages [86]. For secondary bonded joints, failure is known to occur in the
composite [87] and edge effects are not so predominant [22]. On the other hand, in co-
bonded joints, failure typically occurs in the adhesive, since greater resistance to crack
initiation and propagation has been observed [87] and significant edge effects have been
observed [22]. However, the co-bonded joints have been shown to have a lower strength
than the secondary bonded joints under a wide range of loading conditions [88-91]. In
some cases, the moisture present in the prepreg was found to have been released during
curing and had migrated to the adhesive layer, which led to a weakening of the interface
and lower strength of the co-cured joints [90,92].

Notwithstanding, co-curing or co-bonding methods are usually preferred over the
secondary bonding methods, because the number of parts and curing cycles needed are
reduced. Hence, secondary bonding is mostly used for the repair of composite struc-
tures while for large and complex structures the secondary bonding process is more
suitable [38,93].

2.4. Alternative Joint Configurations

As stated above, undesired peel stresses are a main cause of delamination failure
in composite adherends [94]. Accordingly, a proper joint design process should seek, as
an objective, to reduce the peeling stress concentration in the overlap. Many different
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geometrical modifications have been proposed to reduce delamination, whether through
reductions of the joint overlap length [20,95], increasing the bonded area width [10] or
increasing adherend thickness [2]. As an alternative, the adherend geometry can also be
changed by adding tapered sections, reducing adherend thickness [23,96], using internal
tapers of adhesive [97], adding a spew fillet [98,99], using adhesively bonded joint with
non-flat interfaces [100] or using wavy-lap [101] (see Figure 6a). The flat joggle flat joint
(FJF) [102] (seen in Figure 6b) is a relatively complex joint design which is known to reach
very high failure loads due to the compressive stress field developed [101] and its ability to
overcome the bending effect [102]. However, all of these modifications require cost and
time-consuming machining and manufacturing steps [98].

m Composite
B Adhesive

ST S—— S

@) (b)
Figure 6. (a) Wavy-lap joint and (b) flat joggle flat joint (FJF).

A study from Teixeira and Sinke [103] showed that peel tests could be performed in
bonded composite-to-metal and composite-to-composite joints using a floated rolling peel
test (see Figure 7) [103,104], and concluded that using CFRP as the flexible adherend has
a considerable effect on the peel load since the peel load gives a direct indication of the
failure mode [103].

@)

B Composite
(b) B Aluminum
B Adhesive

Figure 7. Peel tests for bonded (a) composite-to-composite and (b,c) composite-to-metal. Adapted
from [103,104].

In conclusion, the use of modifications in joint configuration has been shown to be a
powerful method for overcoming the bending effect typical of unbalanced joints, and it
can also be used to develop a compressing stress field in the overlap length. Moreover, the
literature demonstrates that delamination can be eliminated or delayed, and joint strength
can be improved in a composite joint, by modifying the shape and configuration of the
adherend or the adhesive layer. This issue is discussed in further detail in Sections 3 and 4.

3. Adhesive Layer Modifications
3.1. Mixed and Functionally Graded Adhesive Layer
In adhesive joints, failure is usually the result of a non-uniform distribution of stresses

in the bond-line [105]. A non-uniform stress distribution is even more obvious in joints
with dissimilar adherends and those operating in an extreme temperature range [106]. In
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composite joints, whether with similar or dissimilar adherends, the stiffness of the adhesive
used for bonding composites is known to be one of the key parameters controlling the
onset of delamination, with several authors demonstrating that low strength yet flexible
adhesives are able to outperform stronger but stiffer adhesives [20].

Mixed adhesive joints, in which two different adhesives (one ductile and one brittle
adhesive) are used along the bond-line, are known to be a valid method for avoiding the
formation of non-uniform stress distribution in a bond-line. In this approach, the brittle
adhesive is utilized in the middle part of the bond-line and the ductile adhesive is used at
overlap ends, where higher stress concentrations occur (see Figure 8) [107,108]. The dual
adhesive concept is also a viable alternative for cases where there is a large difference in the
properties of two dissimilar adherends and where the joint must operate under demanding
environmental conditions [109].

B Adherend
M Brittle adhesive
M Ductile adhesive

Figure 8. Mixed adhesive joint.

Generally speaking, studies on structural adhesive joints for bonding aluminium
with composite materials have led to the conclusion that the most suitable adhesives
for use in these configurations are toughened epoxies (where stiffness is indispensable)
and polyurethanes (for dynamic mechanical requirements that call for flexibility) [110].
Logically, these materials are also suitable for combination in a mixed adhesive joint with
composite substrates. Nonetheless, it is worth mentioning that the performance of a mixed
adhesive joint under different loading and testing conditions (quasi-static and impact) is
highly dependent on the material properties of the adhesives used [24]. Adhesive selection
is crucial for maximizing not only the performance of the bond-line but also that of the
adherents. The work of Machado et al. [111] demonstrated this by studying the use of
four different adhesives in a mixed-adhesive single lap joint configuration (AV 138 and
XNR 6852 were used as stiff adhesives and DP 8005 and RTV 106 as flexible adhesives).
According to the results, presented in Figure 9, for both quasi-static and impact loading
conditions, the use of a mixed adhesive joint instead of single adhesive layers does not
always guarantee an improvement of the shear strength, and this is especially evident
when the performance (under different loading conditions) of mixed joints is compared
with the use of a brittle and ductile single adhesive joint.

Jairaja and Naik [109] studied two configurations for dual adhesive joints, including
20% and 40% overlap length for the brittle adhesive (L;/L). They used two different
adhesives, AV 138 (as the brittle adhesive) and Araldite 2015 (as the ductile adhesive), in
a single lap joint with dissimilar adherends. As shown in Figure 10, experimental results
have demonstrated that a length ratio of 0.2 presents the highest failure load over both
brittle and ductile reference single lap joints. Furthermore, the configuration with the
length ratio of 0.4 presents a lower failure load as compared to the single lap joint with
ductile adhesive. A parallel numerical analysis was performed, in which it was observed
that the use of dual adhesive layers presented lower stress concentration at the overlap
edges (see Figure 11). The mixed adhesive bond-line with 20% of brittle adhesive presented
a higher bond strength than single adhesive joints using brittle and ductile adhesives. The
mixed adhesive bond-line with 40% of brittle adhesive presented lower strength when
compared to the ductile adhesive.
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Figure 9. Failure load for single and mixed adhesive joint for (a) single adhesive (E represents
the adhesive’s Young’s modulus) and (b) mixed adhesive joint (E; represents the ratio of flexible
adhesive’s Young’s modulus to stiff adhesive’s Young’s modulus). Adapted from [111].

Figure 10. Effect of length ratio on failure load in mixed adhesive joint. Adapted from [109].
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Figure 11. Effect of length ratio on shear stress distribution in mixed adhesive joint. Adapted
from [109].



Materials 2023, 16, 568

9 of 26

Functionally graded adhesive layers can be seen as a natural evolution of mixed adhe-
sive layers in which the material property of the adhesive changes gradually rather than
discretely (see Figure 12). These are considered as highly effective, but hard to implement
alternatives to reduce the peel stress concentrations located at bond-line ends [112,113]. Da-
dian and Rahnama [105] performed an experimental and numerical study on functionally
graded joints with dissimilar adherends, where 7075-T6 aluminium and a CFRP adherends
were used. This research used a neat adhesive and four other epoxies containing different
amounts of additives, namely 5,10, 15 and 20 phr (parts per hundred rubber), which led to
adhesive formulations with increasingly higher ductility.

Mixed adhesive-First configuration Neat adhesive

Adhesive +5phr additive

Mixed adhesive-Second configuration . .
Adhesive +10phr additive

I 070

Adhesive +20phr additive

Mixed adhesive-Third configuration

“ Mixed adhesive-Fourth configuration

Figure 12. Schematic design of mixed adhesive joint studied by Dadian and Rahnama [105].

Ductile adhesives were used at the edges of the overlap and the number of bands in
the overlap was increased by adding adhesives with intermediate properties between two
adjacent adhesives. As a result, the stress concentrations at both edges decreased and the
inner zones of the adhesive layer were now able to provide a larger contribution to the
overall load-bearing capacity of the joint. As seen in Figure 13, shear strength was increased
significantly in a mixed adhesive configuration, especially when compared to the related
brittle and ductile adhesive [105]. It should be mentioned the failure load increases as the
number of bands in the overlap increases.

20

16 ONeat adhesive

O Adhesive+5%uphr additive
1z O Adhesive+10%phr additive
B Adhesive+20%phr additive

OMixed adhedve-First configuration

Failure load (kN)
=

OMixed adhesive-Second configuration

6 watixed adhesive-Third confignration
4 I B Adixed adhesive-Fourth confi guration
o )

Figure 13. Effect of mixed and functionally graded adhesive layer. Adapted from [105].

b

Considering the works analysed in this section, one can state that the use of mixed
adhesive bonded joints has already a good track record in achieving strength improvement
of composite joints. However, this technique hinges on fine balances, as the material
properties of the adhesives (brittle and ductile) and their relative dimensions require
careful optimization in order to achieve the best results. Moreover, the use of functionally
graded adhesive joints is even more advantageous when compared to a mixed adhesive
bonded joint, but it is beset with significant manufacturability issues.

3.2. Nano-Reinforced Adhesive Layers

Adhesive layers modified with the use of nanoparticles have been a recent topic of
interest [114], being based on research that has shown nanocomposites to exhibit much
better mechanical, thermal, and barrier properties than do polymer-based composites [115].
The failure load of a nano-reinforced joint is significantly affected by multiple parameters,
such as whether the adhesive is rigid, flexible, or toughened and the ratio and type of
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the added nanostructure [116]. Further studies have shown that the addition of a small
amount of nanoparticles to the adhesive, at as low a ratio as 1-1.5%, often results in a drastic
improvement in its properties [12,116-118], with direct effects on the mechanical strength
of structural joints [119] both in the shear and tensile loading modes [117,120-123]. This
behaviour is the result of a more efficient stress transfer between nanoparticles and polymer
matrix, which improves the cohesive properties of the bond. However, some works report
a decrease in the peel strength of the bonded joints [117], attributed to an increase in the
glass transition temperature (Tg) and the increased brittleness of the adhesives with higher
nanofiller content. The addition of nanoparticles improves the interfacial wettability of
the substrates (composite or metal) [117,124], and it is known to be the reason behind
drastic shifts in the failure mode [125], which changes from interfacial failure, with no
significant damage on the composite adherends, to cohesive failure in the adhesives, where
the load is more effectively transferred to the adherends [12]. It has also been reported
that, due to their small dimensions, nanofillers can penetrate into small voids on the
adherend’s surface, allowing for the joint strength to be enhanced via improved mechanical
interlocking [126]. Furthermore, fracture surfaces also seem to be strongly affected by the
addition of nanoparticles, often transitioning from a relatively smooth surface to a rougher
and grooved morphology [117,124]. In practice, this suggests that more energy is needed
to break the material if an optimal amount of nanoparticles is used [124]. The definition
of this optimal value is where the main challenge of using these reinforcements lies, since
the addition of particles above a given value will eventually result in a composite joint
with reduced static performance (see Figure 14) [12,116,117]. This limit can be attributed to
the eventual formation of poorly connected material agglomerations in specimens with
higher amount of the filler content [12,117] or incompatibilities between the particles and
the adherend surfaces and adhesives [12].
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Figure 14. Effect of filler content on joint strength. Adapted from [117].

Carbon nanotubes (CNTs) are being widely used as reinforcement nanofillers in
polymer nanocomposites and are categorized as single-, double-, or multi-walled, based
on the number of concentric graphene sheets rolled together to make up the nanotube.
Multi-wall carbon nanotubes (MWCNTs) are often employed as reinforcing nanofillers in
composite materials, which results in materials with high strength and stiffness [11,127].
MWCNTs can also be used to reinforce adhesives [18,116] and have been shown to be
an effective alternative for improving mechanical (e.g., toughness, strength stiffness, and
fracture energy), electrical, and thermal properties for multiple applications [127-131].
Improvements in adhesion can also be expected, as reductions in the contact angle have
been reported as a result of the inclusion of a low content of MWCNTs in epoxy [129].
Additionally, the presence of MWCNTs in adhesives results in the enhancement of the
resistance to crack formation and propagation [11]. These materials can also potentiate
crack bridging, and act as a barrier in the crack propagation path [127]. This happens
because crack initiation and propagation times are generally larger when carbon nanotubes
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are dispersed in adhesives [132]. In a similar manner, the use of these materials has also
been shown to result in increased fatigue performance [132,133].

A nanotube reinforcement process can have many different characteristics, such as
dispersion, structure, and nanotube length and diameter. Research has found that all
these characteristics play an important role in the static performance of the reinforced
joint [120]. Although this is still an incipient field of research, experimental results obtained
so far show that the addition of shorter and thin nanotubes generally results in weaker
bonding in the composite-composite joint tests [3]. Some authors further postulate that the
optimum nanotube reinforcement should be around 1% [3,120], and that an extra addition
of nanotubes leads to a general decrease in the lap shear strength [81]. It has also been
shown that the use of CNT opens the door for advanced interfacial damage detection. A
highly conductive CNT network will show noticeable changes in electric resistance as the
crack grows [133,134].

4. Substrate Modifications

Due to the significant growth in the use of composites, such as CFRP, and the limited
number of processes available for joining these materials, adhesive bonding is an integral
part of composite design. In light of this, research has been carried out on the modification
and adjustment of composite properties, seeking to optimize the joint performance in
a holistic manner. Different methods have been found to have positive influence on
strength, e.g., by increasing the rigidity of the adherends [42]. This could be achieved by
modifying both of the adherends, or at least one, to minimize the rotation of the joint and
promote a more uniform distribution of stresses in the adhesive. As shown in Figure 15,
by replacing one of the composite adherends with a metallic material (in this case the
joints under analysis combined steel/composite (S/C) and aluminium/composite (Al/C),
higher strength could be attained than joints with symmetrical composite/composite
(C/C) adherends.
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Figure 15. Effect of dissimilar adherend on single lap joint shear strength. Adapted from [42].

Another approach consists of locally recessing the adherends [135] (see Figure 16b),
which creates a peak of the peel stress in the adhesive at the point where the recess was
made, but one that is lower than the peak peel stress at the edge of the overlap, and,
thus allows for a more uniform use of the available overlap length [136]. In this case, the
depth of the recess seems to be the most effective parameter and not the length [136]. The
effect of chamfering was numerically studied by Moya Sanz [136], including the effect of
the chamfer angle upon the adherend, the adhesive or both. Schematic designs of this
configuration are shown in Figure 16c—e), respectively. The best-performing configuration
had both adherends and the adhesive chamfered at an angle of 15%.
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Figure 16. Schematic design for (a) single lap joint, (b) adherend recessing, (c) adherend chamfering,
(d) adhesive chamfering and (e) adherend and adhesive chamfering. Adapted from [136].

4.1. Effect of Stacking Sequence

Although there are many different techniques that allow for increased performance
(under different loading conditions) of bonded joints, in composite joints, stacking sequence
of the adherends is a uniquely effective parameter and, thus, has been the target of extensive
study. It is worth noting that the effect of the stacking sequence is highly dependent on the
joint configuration and on the material properties and that the optimized stacking sequence
can be varied by changing these parameters. Ostapiuk and Bienia [137] used composite
material, particularly CFRP or GFRP (glass fibre reinforced plastic), to connect aluminium
adherends and consequently studied two different stacking sequences, [0] and [£45] for
the composite part of a composite metal laminate single lap joint under quasi-static loading.
Their results showed that regardless of the composite type and the surface preparation,
the [+45] presented the highest failure load. This may be due to the more complex crack
path expected for an initiated crack in the angle-plied composite. Ozel et al. [43] studied
four different stacking sequences in composite single lap joints ([0],[0/90], [45/—45] and
[0/45/—45/90]) in which both adherends (see Figure 17) were composites. As shown
in Figure 18, the [0];¢ stacking sequence was found to present a higher failure load than
the angle-plied configurations, except for the [0/45/—45/90] layup. A related numerical
study determined this to be due to the low peel stresses acting on the overlap edges in
the adherends with quasi-isotropic stacking sequence. The same consideration is also
applicable here, explaining why, in a quasi-isotropic stacking sequence, the expected crack
path for an initiated crack in the addends is more complex. Demiral and Kadioglu [45]
have shown that, with the increase of fibre orientation angle, the failure mode changes
from interfacial failure towards delamination in the composite adherend.

Akpinar [138] studied the effect of five different orientations ([0]1¢, [88]16, [0/90]s,
[45/—45]s, [0/45/—45/90]4) in the static performance of composite double strapped joints
under tensile loading (see Figure 19), and concluded that joints with composite patches
of [0/45/—45/90]4 presented the highest failure load of all configurations under study.
Furthermore, angle ply laminates generally presented higher failure load than all unidirec-
tional layups, except for [88]14. The same was observed for double lap joints tested under
impact loads [139]. The lowest shear strength was recorded for the joints having substrates
with fibres oriented perpendicularly to the impact loading direction.

- R ——

Figure 17. Single lap joint studied by Ozel et al. [43].
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Figure 18. Effect of stacking sequence on failure load composite single lap joint. Adapted from [43].

B Composite laminate
P Aluminum adherend

B Adhesive (DP460)

Figure 19. Double strapped composite joint as studied by Akpinar [138].

The maximum shear stress was higher when dissimilar adherends were used (with dif-
ferent stacking sequences), which is due to the loss of homogeneity caused by the imbalance
between the two adherends, combined with the edge effects of their discontinuities [139].
Purimpat et al. [140] showed that the strength of the specimens is dependent on both the
local orientations and the global properties of the laminates. A vast study was performed
on quasi-isotropic quasi-homogeneous (QIQH) sequences and it was concluded that, since
it is more probable for the final failure to occur in the 0° layer (seat of the final break), it can
be assumed that its distance from the adhesive layer increases the complexity of the crack
path and thus raises the joint strength [140]. This can be seen schematically in Figure 20.

B Composite laminate
B Adhesive

0 -45 -45
15° 0 15°
9p° 90 0°
45 ° 15° 90 °

Figure 20. Effect of 0° layer distance from surface in quasi isotropic laminate. Adapted from [140].

In general, the optimum stacking sequence is highly dependent on the joint configura-
tion. However, stacking sequences with unidirectional fibres perpendicular to the loading
direction and quasi-isotropic stacking sequence tend to perform better for many common
joint configurations, such as the single lap joint.

4.2. Thin-Ply Laminates

The use of thin-ply laminates is a relatively recent approach for substrate modification.
Thin-ply laminates are defined as those composed by plies with a thickness of less than
100 pm [141,142]. These layer thicknesses became available through recent developments
of the spread-tow process [143], one which produces flat, straight plies until a dry ply
thickness as low as 20 pm is reached [144]. Failure strength and ultimate strength of
laminates can be greatly improved with a significant decrease of the fibre areal weight [145],
The non-monotonic strength change of thin-ply laminates is ultimately brought on by two
competing mechanisms. The decrease of ply thickness increases the specific strength while
the decrease of fibre volume fraction leads to some reduction in strength [20].
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The use of thin-ply laminates brings a higher degree of freedom to layup design (both
in orientation and the quantity of the individual layers) [146]. Furthermore, due to the
reduced layer thicknesses and the improved resin spreading process, more homogeneous
fibre distribution and smaller resin-rich regions can be achieved [145]. The higher number
of layers and the associated higher number of interfaces also causes the shear stresses
to be lower [146], and thinner plies are acknowledged to have higher resistance against
matrix cracking [147,148]. Currently, the use of thin-ply laminates is mainly driven by the
search for enhanced static mechanical performance [141] as well as the ability to suppress
transverse microcracking [146] and free edge delamination [147-150]. This last failure
mode is a function of ply thickness, as well as the stacking sequence [151]) for quasi-static,
fatigue and impact loadings [143] and is typically observed in conventional composite
materials [146]. The crack suppression effect may be caused by a decrease in the energy
release rate at the crack tip in the thin layer [152]. Additionally, thin-plies have other unique
advantages, such as higher in-situ transverse strength. The theory of in-situ strength was
proposed by Camanho et al. [153], to demonstrate that a decrease in ply thickness can be
correlated to an in-situ effect, characterized by a reduction in the applied stress needed to
extend a transverse crack, along the thickness of the ply, when the ply thickness increases.
Based on Camanho’s ply failure criteria, damage onset in the composite is likely to occur
at the same load level as in the adhesive in the case of the thick configuration and at 50%
higher load level in the case of the thin configuration [154].

Kupski et.al [154] studied three different single lap joint (SLJ) configurations using
thin-plies, namely: [454/04/—454/904]s, [452/02/—45,/90;]25 and [45/0/—45/90]4s by
resorting to NTPT-HTS(12K)-5-35% prepreg, which is a thermoplastic-toughened epoxy
resin with an unidirectional prepreg system. The thickness of a single ply was 50 um, and
all adherend laminates were manufactured with 32 layers of a single ply adding up to
1.6 mm of total adherend thickness. Experimental results showed that, with decreasing
ply thickness, damage initiation was postponed to higher load levels, although it resulted
in a more sudden damage progression until the final failure [154]. In the end, an increase
in the SL]J shear strength and in the strain energy was obtained [154], and the numerical
study indicated that with decreasing ply thickness, the damage onset moves away from the
adhesive interface towards the mid-thickness of the adherend [154].

4.3. Composite Metal Laminates

Composites are structurally more efficient than metals, although the latter have bet-
ter damage tolerance and fail in a more predictable manner. Metals are also generally
unaffected by the solvents and temperature levels which readily degrade polymers [38].
Therefore, in order to optimize the benefits provided by both types of materials (in what
regards to the strength, weight and durability of structures), a combination of traditional
metals with composite materials has been pursued in recent years [38]. These materials
are typically known as composite metal laminates (CMLs) and were initially developed
for applications in the aerospace industry. These materials consist of metal and composite
layers, and different configuration of composite metal laminates can be used as adherend
in a single lap joint, as it can be observed in Figure 21. Carbas et al. [155] showed that the
strength of hybrid joints can be increased when thin aluminium sheets are placed in the
outer layers of the lay-up. The aluminium sheets serve as a local reinforcement, being able
to prevent delamination and increased strength over the CFRP-only joints. For overlap
lengths of 50 mm, hybrid joints that had aluminium in the middle of the layup exhibited
just slightly higher strength values than the reference joints.
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Figure 21. CML configurations studied by Carbas et al. [155].

In a subsequent work, Ramezani et al. [156] replaced layers of prepreg with aluminium
plates on the outer surfaces of each adherend (CML) and subsequently studied the effect of
the aluminium plate thickness, while maintaining the overall thickness of the adherend
constant. The experimental results show that replacing layers of CFRP with metal laminates
increases the failure load under quasi-static [156], intermediate [156] and impact testing
rates [157]. This can be explained by the minimization of the stress concentrations at the
edges of the overlap, as the compliant and tough metal plate is able to redistribute stresses
over a much larger area without any failure. In a related work, Santos et al. [158] studied
novel single lap joints of CFRP joints with composite metal laminates and additional
adhesive layers. As shown in Figure 22, experimental results showed an increase in the
novel single lap joints compared to the ones without an additional adhesive layer.

W Adhesive
CFRP

B Aluminum alloy

ey
il

{ Ccrrp

{ Ti-CFRP-Ti

Ti-Adh-CFRP-Adh-Ti

|

® Reference CFRP SLJ
= CMLSLJ

=]
o

]

i CML with additional adhesive layer

Failure load (kN)

15 = Numerica) result

Figure 22. Failure load obtained by Santos et al. [158] for CML and CMLs with additional adhesive layers.

Considering that these materials were initially designed for aerospace applications,
one important component of the material selection process was to balance the stresses
present on the structures. As seen in Figure 23, for a CML single lap joint, the maximum
peel stress induced in the joint is reversely affected by the Young’s modulus of the metal
laminate. [158].
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Figure 23. Effect of the Young’s modulus of the metal laminate used in CML on maximum peel stress.
Adapted from [158].

Morgado et al. [157] showed that the static and impact performance of composite
metal laminates is highly dependent on the material property of the adhesive under both
quasi-static and impact loads. As seen in Figure 24, the hybrid joint presents higher shear
strength while using AF 163-2K adhesive (epoxy-based structural adhesives in film form)
in both quasi-static and impact loading, which contrasts with what was observed while
using XNR 6852 E-3 adhesive (epoxy-based paste adhesive). The same trend was observed
by Carbas et al. [159], where the effect of reinforced hybrid composite single lap joint
was also determined to be highly dependent on the adhesive. The authors found that the
adhesive with lower stiffness behaved better than stronger and stiffer adhesives in regard
to delamination prevention.

20 - — CML
15 CFRP

Failure load (kN)
&

- =
Failure load (kN)
= v

Static Impact Static Impact
@) (b)

Figure 24. Failure load under quasi-static and impact loading for (a) AF 163-2K and (b) XNR 6852
E-3. Adapted from [157].

In the case of the adhesive with lower stiffness, higher joint strength is found for both
quasi-static and fatigue loadings [103,157]. Thus, while adhesives with high tensile strength
might appear more attractive for use in the assembly of high performance (static and
fatigue) composite structures, this does not always translate into high joint strength [20-22].
In fact, the inherent stiffness of these adhesives often results in higher peel stress at the
interface, leading to premature failure by delamination [157].

Overall, CMLs have been experimentally shown to be a good alternative for use with
conventional composite laminates, leading to bonded joints which perform well under
diverse loading conditions. The material properties of the metal laminate being used
significantly impact the stress distribution in the joint and thus directly affect the joint
strength. However, selection of the adhesive is ultimately the most critical factor since
excessive stiffness might generate high peel stresses which wholly suppress the effect of
adding the metal layer.

4.4. Toughened Surface Layers

The use of toughened, non-metallic, surface layers in composite layups represents
another alternative for improving the performance of bonded composite joints under
different loading conditions. In this method, a high toughness and compliant layer is
applied to both outer surfaces of the composite material, one which will serve as an
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adherend in a bonded joint. The toughened layer could take the form of a non-reinforced
resin or a less stiff fibre reinforced composite material. The use of toughened adherends
is known to delay [156] or even completely eliminate [125] delamination failure in joints
with composite substrates. Different possible configurations of composites toughened with
polymers layers are schematically presented in Figure 25.

B Adhesive
= CFRP

@)

(b)

(©)

(d)

Figure 25. Schematic design of (a) CFRP, (b) a single external adhesive layer, (c) a single interlaminar
adhesive layer, and (d) three interlaminar adhesive layers. Adapted from [156,160].

Morgado et al. [160] evaluated the use of a single interlaminar adhesive layer, three
interlaminar adhesive layers and a single external adhesive layer, which together is known
as adhesive layer reinforcement (ALR). Under quasi-static loads, all the optimized designs
under evaluation performed better than the reference CFRP-only joint. The configuration
with external adhesive layers exhibited the highest strength increase, raising 23% above the
failure load of the reference CFRP-only joint. Most importantly, the failure mode changed
from delamination to cohesive failure of the adhesive itself, while the reinforcement layer
remained fully intact [156,160].

Experimental studies have demonstrated that the use of toughened adherends results
in an enhancement of the shear strength of bonded joints [125] loaded under different
testing rates (quasi-static, intermediate rate and impact loading) [156,160]. However,
the authors note that an optimum thickness of toughened material is dependent on the
specific characteristics of the adherend to avoid drastic decreases of the joint strength [156].
Figure 26 presents the failure load of bonded joints created using a reference CFRP adherend
and the toughened hybrid single lap joints obtained by Ramezani et al. [156]. The results
clearly show that the use of toughened layers in composite joints leads to an effective
increase in joint strength. This increase is the result of two different factors. The first is
the increased loadbearing capability provided by yielding of the toughened surface layer
before failure occurs [125]. The second factor is associated to the lowered stiffness of the
surface toughening material, which is usually much lower than that of the base composite
material and thus reduces the presence of stress concentrations at the edges of the overlap
length of the bonded joint [156].

2%

I Static
16 m High rate

Failure load (kN)

CFRP CFRP+12.5%AF CFRP+25%AF  CFRP+50%AF

Figure 26. Failure load obtained for composite single lap joints with toughened adherends. Adapted
from [156].
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Shang et al. [125] studied the use of novel composite material as an adherend, one
composed of 0.5 mm thick layers of glass fabric reinforced on both surfaces and a 1 mm
thick CFRP core. The novel composite adherend was found out to have 22% higher failure
load than that of specimens using CFRP-only adherends. Again, the failure mode was
found to change from delamination of the adherends to cohesive failure in the adhesive,
which was ultimately the main target of this work.

Schollerer et al. [161] studied a novel local adherend surface toughening concept by
using a localized thermoplastic layer, as shown in Figure 27. An increase of up to 84%
in the failure was observed to be the result of localized surface toughening in joints. The
toughened surfaces create less peel and shear stress concentration in the bond-line ends.
It should be noted that an optimum length of surface toughening was found to exist,
whereupon the use of a reinforcement larger than the optimum surface toughening length
results in adherend delamination.

B Adherend

B Adhesive

Surface toughening

Figure 27. Localised surface toughening concept. Adapted from [161].

In light of these results, while a toughened composite laminate with external adhesive
layer (Figure 25b) presents the highest strength among all other comparable configurations,
the use of composite adherends with toughened surfaces is now seen as a very promising
method to increase joint strength and to delay or eliminate delamination in adhesive joints
intended for service under for different loading conditions.

5. Discussion

An analysis and discussion of the results described in the literature allows for a relative
comparison of the different revised techniques both in terms of strength improvement
and in their failure mechanisms. To this aim, a scheme showing a comparison between
the basic characteristics of the different processes is presented in Figure 28. Considering
non-modified joints with CFRP adherends as a reference, an ideal reinforcement technique
would allow for a substantial increase in failure load, while avoiding delamination (by
providing fully cohesive failure in the adhesive layer).

100 feensnneesessnsgerssnneesassnsneassasaneeeaanns e sneneesamnaeaasessesannnsessanneezenaneesenannnnen Jeeerrmeereeane

FJF joint Mixed adhesive layer

Angle ply H

Nonflat surface

H _ 1 Td'ugheued surface
I Adherend thickness r

[ . Reinforced adhesive

Increased failure load (%)

Delamination Cohesive failure

Figure 28. A comparison of different techniques in terms of strength improvement and failure mechanism.



Materials 2023, 16, 568

19 of 26

It is known that changes in the joint geometry, specifically the substrate thickness,
allow for increases in the failure load above 25%. However, higher improvements are
limited by the onset of delamination. A similar phenomenon is also observed when thin-
plies are introduced in composite laminates. Even though this technique allows the delay
of crack initiation and propagation, delamination failure will almost always eventually
occur, precluding the adhesive layer from attaining its maximum potential. However,
the use of different fibre orientations-angle plies, does allow the joint to achieve more
significant improvements to its performance, both in terms of strength and failure mode.
Further improvements can be attained only with more complex joint configurations, such
as those using highly shaped adherends and reinforced adhesives. The former possesses
geometrical features which are specially designed to overcome the bending effect and
to create compression states, all of which serve to reduce the peel stresses that limit the
joint’s performance. On the other hand, modifications of the adhesive are also possible,
such as those which rely on the use of nanoparticles, which improve stress transfer in
the adhesive layer. Full cohesive failure has only been demonstrated for the case of two
types of adherend modifications: CMLs and the use of toughened surface layers. The
metal-composite hybrid approach creates an improved load transfer platform from the
adhesive to the metal that although it has to withstand considerable stresses, makes use of
the high toughness and compliance of metals to avoid damage. Adherends reinforced with
toughened layers, exhibiting a failure mechanism similar to that observed in CMLs, take
advantage of the properties of the resin used, creating highly ductile and compliant surface
layers that improve stress distributions and avoid delamination in the substrate. From
the strength improvement perspective, the two geometries that have been shown to have
superior static performance are the FJF joints and joints using mixed adhesive layers. All of
the configurations described above, regardless of their failure mode, lead to an increase in
strength that varies approximately between 20-60%, but FJF joints can show an increase
of almost 100%. FJF joints take advantage of their geometric configuration to guarantee
that compression stresses delay joint failure. However, the presence of notches in the
composites can also induce localized delamination. In mixed adhesive layers, performance
is maximised through a precise control of adhesive stiffness and thus of the peel stress
distribution. While these solutions are admittedly technically complex, they have been
shown to be able to overcome non-uniform distribution of the adhesive layer, increasing
its strength.

Although multiple solutions have been proposed presented and demonstrated to
maximize the performance of composite bonded joints, determining an optimal solution
for practical applications is still a significant challenge. Nonetheless, a simple conclusion
can be extracted from this analysis. Irrespective of the solution chosen, the ideal joint
should always be designed to minimise peel stresses at the edge of the overlap, avoiding
delamination, but without damaging the substrates through time-consuming and complex
geometric alterations, while meeting the practicality demands associated with cost and
manufacturability concerns. An efficient load transfer, with a customised distribution of
adhesive stiffness, may be the basis of a solution closer to the ideal.

6. Conclusions

The present work reviews recent developments in adhesively bonded composite joints,
with particular interest in adherend modification techniques. The effects of stacking se-
quence, the use of thin-ply, composite metal laminates and its specific surface preparations,
and the use of toughened surface layers in the composite adherends were thoroughly
analysed in the context of adhesively bonded CFRP joints and structures.

e It has been shown that, optimising the joint geometry, e.g., the substrate thickness, can
cause an increase in the failure load, although substrate delamination will still be a
concern. Advanced joint configurations were proposed for composite joints, being
shown that, among all configurations under analysis, the FJF joints exhibit the highest
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static performance, but are still susceptible to delamination due to the modifications
that must be made to the composite.

e  The adhesive layer can be modified by using a functionally graded or a nano-reinforced
adhesive layer. The former overcomes non-uniform distribution of the adhesive layer
and allows for the delay of delamination failure. The latter creates efficient stress
transfer between nanoparticles and the polymer matrix, which improves the strength
of the bond.

e  The use of different fibre orientations does allow the joint to improve its performance
and strength, forcing the crack to grow through more complex crack paths.

e  The use of thin-plies in laminates can cause a delay in crack initiation and propagation
due to lowered ply thickness and increased fibre ratios. In addition, the higher degree
of design freedom they provide allows for the use of a wider range different fibre
orientations and leads to an increase in the static performance of the joint. However,
there are very few papers studying the effect of using of thin-plies in composite
joints and this technique has now been shown as a viable concept for future research
and developments.

e  Fully cohesive failure has been obtained for the case of CMLs subjected to differ-
ent loading conditions. This approach creates a tough and compliant load transfer
platform from the adhesive to the metal, which shields the composite core from failure.

e  Finally, the use of adherends reinforced with toughened layers follows an approach
which is similar to that of CMLs, as it is also able to provide fully cohesive failure.
This method allows for the mitigation of the peel stress concentrations in the adhesive
layer, virtually eliminating failure by delamination of the substrate.
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1 | INTRODUCTION

Thin-plies can be generally defined as composites with ply

Ricardo J. C. Carbas™? |
Lucas F. M. da Silva’®

Eduardo A. S. Marques' |

Abstract

The main stress component which creates delamination in bonded single lap
joints with composite adherends is the transverse tensile stress. Therefore, the
following study investigates the behavior of composite laminates (reference
and hybrid laminates reinforced by thin-ply) under transverse tensile loading.
Texipreg HS 160T700 and NTPT-TP415 were used as the conventional carbon
fiber reinforced polymer (CFRP) and thin-ply respectively. Hybrid composite
laminates were studied using different amounts of thin-ply, applied through
the thickness. The manufactured laminates, of unidirectionally stacked con-
struction, were tested under transverse tensile loading. Digital image correla-
tion was performed to investigate the average peel strain distribution for the
composite and to better understand the phenomena associated to the use of
hybrid laminates. Experimental results show that the reinforced hybrid com-
posite laminates, created using thin-plies, present higher failure load compared
to the reference conventional CFRP or thin-ply laminates. This was found to
be due to the higher ductility enabled by the presence of thin-plies. Distribut-
ing a constant amount of thin-ply through the thickness was found to increase
the laminate transverse strength, as the thin-ply laminates act as a barrier
against crack propagation. A representative volume element was studied for
each configuration since this numerical method brings the opportunity to
investigate the studied configurations in microscale.

KEYWORDS

composites, fracture, mechanical testing

used to increase composite strength or delay its delamina-
tion (e.g., reinforcing laminates using adhesives or metal
laminates'!! or glass fabric reinforcement!? when used as

thicknesses below 100 pm and a ply areal weight of less
than 100 g/m® Thin-ply composites are rapidly gaining
interest in the composite and high-performance industries
(e.g., aerospace) due to the increased design flexibility they
bring and the improved mechanical performance under
various loading conditions. Different methods have been

adherends in single lap joints). Moreover, studies have
shown that, through the use of thin-plies, the damage loca-
tion in the composite moves from the adhesive interface
toward the mid-thickness of the composite adherends."!
The use of carbon fiber reinforced polymers (CFRP)
in various industries is steadily increasing, and a wide

1672 | © 2022 Society of Plastics Engineers.
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range of material types is now available for the design
and manufacture of high-performance composite prod-
ucts such as vehicle structures, sporting goods, and a
variety of other consumer products.[4’5] Modern compos-
ites usually consist of two main components. These are
the matrix, which provides the cohesion of the material,
and reinforcement, such as fibers, which provide the
material its strength and stiffness.') However, since the
strength of the matrix is at least an order of magnitude
lower than that of the reinforcement, composites are gen-
erally susceptible to delamination failure. Loads applied
in a direction perpendicular to the reinforcement are car-
ried solely by the low-strength matrix, resulting in delam-
ination. This is particularly true for bonded joints of
composites, where load transfer through the joint can
result in significant peel loads.!”’ The growth of
delamination-induced cracks under these loads can lead
to rapid deterioration of the mechanical performance of
the structure and cause its catastrophic failure.®!

A significant development in the field of composites
has been the development of thin-ply laminates. Thin-ply
laminates are defined as those consisting of layers less
than 100 pm thick."”) These extremely low layer thick-
nesses have been made possible through the advance-
ment and industrialization of the spread-tow process!'"’
which enables the production of flat, straight plies with a
dry ply thickness of only 0.02 mm. Thin-plies permit a
higher degree of freedom in laminate design since by
reducing the thickness of a single layer, the number, and
orientation of layers in a laminate can be more precisely
controlled and adjusted to be more load-dependent.!'!)

Thin-ply laminates are generally known for their
enhanced mechanical performance, hinged on their abil-
ity to delay the onset of matrix damage, suppress trans-
verse microcracking,[g] and free edge delamination,[“]
under static, fatigue, and impact loadings. This can be
achieved without the use of high-performance resins
and/or 3D reinforcements, unlike what is typically
observed for conventional composites.'>*! Conse-
quently, the failure modes change from complex multi-
mode failure to quasi-brittle failure, from thick- to thin-
ply." Due to the larger number of layers and the associ-
ated larger number of interfaces, the shear stresses are
known to be lower in thin-ply laminates.''!! Therefore,
thinner plies of composites are acknowledged to have
higher in situ transverse strength,!**! which is not only a
function of laminae thickness but also of the orientation
of the adjacent laminae.!'®! Furthermore, both the onset
and propagation of free-edge delamination are dependent
on ply thickness and also on stacking sequence.!'”! Addi-
tionally, due to the lower layer thicknesses and the resin
spreading process associated with these materials, a more
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homogeneous fiber distribution and generally smaller
resin-rich areas are achieved."'®! Nonetheless, the proper-
ties of the laminate can still deteriorate rapidly after dam-
age, leading to premature failure.!*”’

Experimental data show that, in ultra-thin-ply lami-
nates, failure occurs through direct delamination, trig-
gered by shear forces and minor matrix cracking whereas
the damage onset in laminates with thicker plies is fun-
damentally due to matrix cracking which then induces
delamination and occurs earlier compared to laminates
with thinner plies. Moreover, fiber breakage appears ear-
lier in ultra-thin-ply laminates.””®! On the other hand, as
composite laminates often exhibit brittle failure and are
vulnerable to damage accumulation, e.g. matrix cracks
and delamination, interlaminar properties are considered
to be the key to enhancing the performance of composite
laminates.”! Due to superior damage and delamination
resistance characteristics, thin-ply laminates have the
potential to exhibit higher interlaminar shear proper-
ties!*!! and strain energy® than conventional plies.
Moreover, other detailed studies have investigated the
effect of aging,!*?! electrical resistance!®*! and the use of
hybrid thin ply composites.!**!

Composites have been widely studied in structural
joints.!*>*1 Thin-plies also represent a promising
approach to improving the performance of adhesively
bonded composite joints due to their ability to enhance
the off-axis performance of composites and postpone
delamination.”®! Moreover, due to the in-situ effect,®
the locus of composite failure in composite bonded joints
could be changed from the ply interface toward the mid
thickness of the composite adherend.

Through-thickness reinforcement can effectively pro-
vide improved interlaminar strength and delamination
resistance while producing a more integrated composite
structure.!*”) Multiple methods of fiber architecture for
through-thickness reinforcing have been practically dem-
onstrated, such as the use of weaves or braids. However,
although effective, the complexity and limited flexibility
of these techniques restrict their usage. Furthermore,
such methods normally require the implementation of at
least one additional production step,**>!! increasing pro-
cess costs. This process is now closely supported through
the development of multiple analytical and numerical
models.*%33!

The study seeks to study and quantify the perfor-
mance of hybrid composite blocks loaded under trans-
verse tensile stresses, analyzing the effect of reinforcing
unidirectional conventional composite using thin-ply,
under different configurations. In this work, “HS
160 T700” and “TP415” by NTPT are used as conven-
tional composite and thin-plies, respectively.
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2 | EXPERIMENTAL DETAIL

2.1 | Conventional composite

All materials used in the following study were selected to
be representative of materials used in the aerospace
industry. A unidirectional carbon-epoxy prepreg with ply
thickness of 0.15 mm was used as the conventional, com-
posite, with the commercial reference Texipreg HS
160T700 (Seal Spa, Legnano, Italy). The conventional
composite is an orthotropic material, its elastic mechani-
cal properties are presented in Table 1. The elastic
mechanical properties of the conventional composite cor-
respond to the orientation of a 0° ply (x, y, and
z represent the fiber transverse and thickness direction
respectively). The mode I interlaminar fracture toughness
energy (Gyc) was determined by the ISO 15024 standard
which specifies the procedure to define Gy of carbon
fiber composites manufactured from unidirectional tape.

2.2 | Thin-ply

For a thin-ply material, a unidirectional 0° oriented carbon-
epoxy prepreg with a ply thickness of 0.07 mm was selected.
This thin-ply has the commercial reference NTPT-TP415.
The elastic orthotropic properties for this thin-ply compos-
ite are presented in Table 2, as provided by the manufac-
turer and the Gy was determined by EN 6033 standard.

2.3 | Plate manufacturing

The manufacturing process for either the conventional or
the thin-ply composite starts with a layer-by-layer

[34]

TABLE 1 Conventional composite mechanical properties
Mechanical property Value
E; (MPa) 109,000
E, (MPa) 8819
G12 (MPa) 4315

TABLE 2 Thin-ply mechanical properties based on

manufacturer data
Mechanical property Value
E; (MPa) 62,300
E, (MPa) 8900
G12 (MPa) 5070
Gic [N/mm] 0.73

stacking of the plies. This process is continued until the
desired block thickness is reached (see Figure 1). For the
hybrid blocks, three configurations have been considered,
using thin-ply layers placed on the outer surfaces of a
central conventional composite block. Three different
thickness values for the thin-ply laminates (0.16, 0.4, and
0.8 mm) were used. However, irrespectively of the thin-
ply layer dimensions used, the overall thickness of all
configurations is made to be the same (3.2 mm). A mold
is used to ensure the uniform thickness of the plate. The
mold is coated with a release agent to ensure easy
removal of the finished plates. Finally, the plates were
cured in a hot press at 30 bar and 130°C for 2 h as recom-
mended by the producer.

After curing, the plates were cut to the desired dimen-
sions (25 x 25 mm?) and, finally, steel blocks (see
Figure 2) were attached to the composite plates using the
PLEXUS MAA422 adhesive. This adhesive cures at room
temperature after a 24h period. The excess adhesive or
resin present in these specimens after curing was care-
fully removed manually with the use of a file and
sandpaper.

24 | Configurations

Specimens with conventional composite and thin-ply
laminates (serving as references) were manufactured
first, followed by the already mentioned hybrid blocks
(with the labels CFRP+12.5%thin-ply, CFRP+25%thin-
ply, and CFRP+50%thin-ply). These configurations are
schematized in Figure 3. Following preliminary testing,
two new configurations were considered to study the
effect of distributing thin-ply layers in three and four
layers through the laminated thickness. These new con-
figurations are labeled CFRP+25%thin-ply/3 and CFRP
+25%thin-ply/4 (per Figure 3).

2.5 |
studies

Scanning electron microscope

The cross-section of diverse specimen configurations was
observed using a scanning electron Microscope (SEM).
The cross-sections were polished before observation. In
specimens manufactured with composite prepreg, resin-
rich and fiber-rich areas are apparent (marked by a red
rectangle in Figure 4). In contrast, fibers are generally
better distributed in specimens manufactured using thin-
plies prepregs, with smaller resin-rich and fiber-rich
areas than those found for conventional composite lami-
nates (see Figure 4). These observations are in line with
the literature.!'®!
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FIGURE 1
stacking of the composite prepreg and

(A) Layer-by-layer

(B) conventional composite plate

(A)

Pin

CFRP block
Steel block

FIGURE 2
conventional composite blocks and loading condition

Schematic design of steel blocks attached to

2.6 | Surface treatment

As mentioned in Section 2.3, composite blocks are
attached to steel blocks, (as shown in Figure 2) to enable
tensile testing. To perform this process, the surface of the
composite blocks was first prepared using light sandpaper
and cleaned with acetone to remove the contaminants!>*
the release agent used in the plate manufacturing step
(see Section 2.3). Plasma treatment***”! was then per-
formed on the composite surfaces to increase the surface
energy prior to bonding. The plasma treatment was
accomplished through the use of an Arcojet PG
051 plasma device, which provides 50-60 Hz frequency.
The nozzle was placed at the distance of 20 mm from the
surface of the composite laminates and the treatment was
applied for 5 s. The steel blocks were prepared with sand-
blasting, followed by an acetone degreasing process.
Figure 5 shows the plasma treatment for thin-ply blocks.

2.7 | Testing conditions

The specimens were tested using a servo-hydraulic test-
ing machine (Instron 8801), with a load cell of 100 kN.
All tests were performed under laboratory ambient condi-
tions (room temperature of 24°C, relative humidity of
55%) and at a constant crosshead speed of 1 mm/min
(quasi-static). A minimum of three repetitions were per-
formed for each of the configurations tested.

(B)

3 | EXPERIMENTAL RESULTS

3.1 | Effect of thin-ply thickness

Figure 6 presents the experimentally obtained load-
displacement curves for the reference CFRP, thin-ply,
and hybrid blocks. For all configurations under testing,
the highest values and failure load and failure displace-
ment were found for the CFRP+12.5%thin-ply and CFRP
+25%thin-ply configurations.

As shown in Figure 6. there is a 28% and 25.5%
increase in failure load attained by the CFRP+12.5%
thin-ply and CFRP+-25%thin-ply respectively, compared
to the reference CFRP. However, there is a 9.4%
decrease in failure load found for the CFRP+50%thin-
ply configuration.

Digital image correlation (DIC) was used to deter-
mine the strain field in the conventional CFRP, thin-ply,
and CFRP+25%thin-ply (the configuration presenting
the highest strength). The cross-section of the blocks was
painted in a base white color interspersed with randomly
distributed black speckles (see Figure 7A). A Nikon
D5300 digital camera was used to automatically take pic-
tures of the loaded specimens every 5 s (the first figure is
captured as soon as the loading starts). Using this data,
the peeling strain at the cross-section area was obtained
for the mentioned configurations using Moiré analysis
software. Therefore, each image (depicting the obtained
strain) was related to a displacement value attained
under a precise testing rate. Thus, the related load was
determined. Accordingly, the engineering stress was cal-
culated for each strain. The stresses are calculated by cor-
relating the DIC data and the load cell values. Figure 7B
shows the stress-strain curves obtained with DIC for the
reference and hybrid blocks. Specimens with thin-plies
were generally found to present higher peeling strain
values that those found in specimens using conventional
CFRP plies. Therefore, replacing conventional CFRP
plies with thin-plies in the hybrid block increases the
ductility and ultimately led to an increase in the failure
load of the hybrid blocks.
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Hybrid laminate thin-ply thickness

L
I

I 3.2 mm

v

FIGURE 3

Moreover, since the fracture toughness (Gyc) of thin-
plies is higher than that of conventional CFRP
(as presented in Tables 1 and 2), this also explains the
improved performance that the use of thin-plies brings
over compared to the use of CFRP.

A high-speed camera, capable of recording at 4000
frames per second, was used to precisely determine the
crack path for all configurations. In a process similar to
that used for the DIC analysis, the cross-section of fibers
was coated with a thin layer of white paint (see Figure 8),
allowing to highlight the crack path. The red circle in
Figure 8. shows an example of a crack initiation process.
In the hybrid blocks, the crack initiated mainly on the

CFRP+23%thin-ply

CFRP+25%thin-ply/3

Study the effect of
thin-ply distnibution

Thin-ply
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Schematic design for conventional carbon fiber reinforced polymer, thin-ply, and hybrid blocks

corner of the CFRP laminate and then propagated toward
the interface between the CFRP and thin-ply (see
Figure 8C). In some cases, after reaching the interface the
crack propagates back into the CFRP (see Figure 8B,D).
This shows that the thin-ply acts as an effective barrier to
crack propagation, offering more uniform fiber distribu-
tion and a minimal amount of resin-rich and fiber-rich
areas. This results in lowered stress concentrations and
enables hybrid laminates to attain higher values of strain.
This is in line with the literature review and also with the
SEM micrographs presented in Figure 4. Figure 9 shows a
schematic representation of the failure mechanism in the
hybrid blocks described above.
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FIGURE 4 SEM micrographs of Fiber rich area
(A) carbon fiber reinforced polymers

and (B) thin-ply

Resin rich area

FIGURE 5 Plasma treatment for thin-ply blocks

3.2 | Effect of thin-ply distribution

Figure 10 shows the experimentally obtained load-
displacement curves for CFRP+25%thin-ply/3 and CFRP
+25%thin-ply/4. The failure load for CFRP+25%thin-
ply/3 and CFRP+25%thin-ply/4 was found to increase by
32% and 43% respectively when compared to the refer-
ence conventional CFRP. Figures 11 and 12 shows the
failure mechanism for CFRP+25%thin-ply/3 and CFRP
+25%thin-ply/4, which initiate from a corner of the
hybrid block in the interface, propagate through the
CFRP, and then reaches the opposite interface.

Figure 13 presents a summary of the experimentally
obtained results. These results suggest that replacing up
to 25% of the layers of the conventional CFRP by a thin-
ply layer increases composite laminate strength under
transverse tensile loads. Based on the digital image corre-
lation process performed on the conventional CFRP,
Thin-ply and hybrid laminate, thin-ply appears to be a
ductile material compared to the conventional CFRP.
Therefore, the improvement in the failure load under

10
“ /
=—CFRP
Eé
= = CFRP+12.5%thin-ply
3 —CFRP+25%thin-ply
S CFRP+25%thin-ply
===CFRP+50%thm-ply
2 = Thin-ply
0
1] 0.2 0.4 0.6 0.8 1

Displacement [mm]

FIGURE 6 Representative experimentally obtained load-
displacement curves for carbon fiber reinforced polymers, thin-ply,
and hybrid blocks

transverse tensile loading is mostly attributed to an
increase in the ductility of the laminate due to the pres-
ence of thin-ply in hybrid laminated. In addition, distrib-
uting a constant amount of thin-ply in three or four
layers through the thickness of the composite laminate
further increases the failure load. According to the SEM
images of the laminates after failure, the presence of thin-
plies is found to provide additional resistance against
crack propagation. The reduction in the presence of resin
and fiber-rich areas in the thin-ply layer can be seen in
the SEM micrographs.

4 | NUMERICAL STUDY

A representative volume element (RVE) model has been
created to study the mechanics and the advantages asso-
ciated with the reinforcement of composite blocks with
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FIGURE 7 (A) Representative image captured for digital image correlation process and (B) stress—strain curve for the reference blocks
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FIGURE 8 Failure mechanism for (A) carbon fiber reinforced polymer (CFRP), (B) CFRP+12.5%thin-ply, (C) CFRP+25%thin-ply,

(D) CFRP+50%thin-ply and (E) thin-ply

(A) (B)

FIGURE 9 Schematic design of failure mechanism for
(A) CFRP+12.5%thin-ply and CFRP+25%thin-ply and (B) CFRP
+50%thin-ply

thin-plies at the micro-scale, using a representative vol-
ume element. A large 2D elastoplastic RVE model with
dimensions of 1.6 x 1.6 (mm)> was studied using the
ABAQUS commercial finite element package. These
dimensions were selected to permit the analysis of all
configurations under study. Initially, only a small-scale

—CFRP

= 6 ——CFRP+25%thin-ply

;‘: CFRP+25%thin-ply/3

ks o —CFRP+25%thin-ply /4
s Thin-ply

2

0 02 0.4 0.6 0.8 1
Displacement [mm]

FIGURE 10 Representative experimentally obtained load-
displacement curve CFRP+-25%thin-ply/3 and CFRP+25%thin-ply/4

85UB0|7 SUOWIWOD 8A1IR81D) 8 |edl|dde ays Aq paunob afe Saoile O ‘8Sn JO S3|N1 10} Akeid178UlUO AB]1M UO (SUOIPUOD-PUR-SWBH W00 A8 1M AIq U1 [UO//:SANY) SUOTIPUOD pue SWe | 8U1 38S *[7202/T0/8T] Uo ARiqiaulluo A8|iMm ‘ouod 0 spepsienn Aq 96T,z 9d/z00T 0T/I0p/woo" A8 | 1M Akeiq 1 pul|uo'suo ol jgndedsyy//sdiy woiy pspeojumoq ‘€ ‘€202 ‘695087ST



RAMEZANTI ET AL.

(A) (B)

FIGURE 11 The failure mechanism for (A) CFRP+25%thin-
ply/3 and (B) CFRP+25%thin-ply/4

(A) (B)

FIGURE 12 Schematic design of failure mechanism for
(A) CFRP+25%thin-ply/3 and (B) CFRP+25%thin-ply/4

RVE of CFRP and thin-ply with the dimension of
0.16 x 0.2 (mm)® was generated (see Figure 14). The
main purpose of this initial RVE was to study the distri-
bution of fibers as close as possible to that found through
SEM images (see Figure 4), allowing to reproduce the
presence of resin-rich and fiber-rich areas in the model.
Moreover, the number of fibers was calculated using
Equation (1) in which N and D are the numbers and the
diameter of the fibers respectively and L, W, and H are
the length, width, and the depth of the RVE respectively.
Moreover, Vy is the fiber volume fraction. A total of
291 fibers were used in these initial RVEs (see Figure 14).
The properties of the fiber and matrix (for the CFRP and
thin-ply) are presented in Table 3, according to manufac-
turer supplied data. Ef and E,, represent the Young's
modulus of fiber and matrix, respectively.

_ NIID?
I~ atw

1)

Afterward, the initial RVE was simply reproduced in
the main RVE for each representative configuration.
Figure 15 illustrates the RVEs generated for studied
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FIGURE 13 Summary of the experimental results for

(A) effect of thin-ply thickness and (B) effect of thin-ply distribution

(A) (B)

FIGURE 14
(A) carbon fiber reinforced polymer and (B) thin-ply

Initial representative volume element for the

TABLE 3 Mechanical properties for the fiber and matrix
CFRP Thin-ply
Diameter (upm) 7 7
Ej (GPa) 230 294
E,, (GPa) 3.6 3.3
Vi 0.35 0.35
Matrix maximum strength [MPa] 148 138

Abbreviation: CFRP, carbon fiber reinforced polymer.

configurations. The same boundary conditions were con-
sidered for all RVE models (see Figure 15, CFRP), with a
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maximum displacement of 0.05 mm being imposed. Two
dimensional, 3-node linear plane stress triangular ele-
ments were used to mesh the model.

4.1 | Effect of thin-ply thickness

Figures 16 and 18 show the peel stress distribution for
each RVE, loaded with a displacement of 0.03 and

b
v

D t 1.6 mm

-y
1.6 mm

11|

JALL L

m

FIGURE 15
reference carbon fiber reinforced polymer and hybrid
configurations

Simulated representative volume element for

S, 522
(Avg: 75%)
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- +3.7008+01
+2467e+01
+1.233e+01
+0.000e+00
-6.413e+01

(A) (B)

0.05 mm, respectively. As the strength of fibers is much
higher than that of the matrix, failure is always expected
to occur in the matrix. Therefore, stresses in the fibers
were eliminated from the results in order to better high-
light the behavior of the matrix. The color scale is limited
to maximum stress within the CFRP matrix (148 MPa)
and any elements with stress values higher than this
value are shown in a gray color. As shown in Figure 16,
some elements have exceeded the matrix maximum
strength in the RVE relevant to the conventional CFRP,
expected to correspond to the initiation of matrix failure.
It has to be mentioned that if the color scale was limited
to the thin-ply matrix maximum strength (138 MPa), a
larger area would be seen to exceed the matrix maximum
strength in each configuration. The results for the hybrid
configurations are presented at the interface of the CFRP
and thin-ply. As shown, as the thin-ply thickness
increases, a lower number of elements exceeds the maxi-
mum of the CFRP matrix and the CFRP+25%thin-ply
configuration presents a lower level of stress when com-
pared to other configurations. These results are in line
with the experimental observations. Figure 17 shows the
level of failure, which is calculated by dividing the area

1.8
9 L5
E 1.2
& 09
s 06
s
~ 03
0
B CFRP = CFRP+12.5%thin-ply ® CFRP+25%thin-ply

8 CFRP+50%thin-ply

FIGURE 17 Level of failure for carbon fiber reinforced
polymer and hybrid configurations

© (D)

FIGURE 16 Peel stress distribution for (A) carbon fiber reinforced polymer (CFRP), (B) CFRP+12.5%thin-ply, (C) CFRP+25%thin-ply,

(D) CFRP+50%thin-ply at displacement of 0.03 mm
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FIGURE 18 Peel stress distribution for (A) carbon fiber reinforced polymer (CFRP), (B) CFRP+12.5%thin-ply, (C) CFRP+25%thin-ply,

(D) CFRP+50%thin-ply at displacement of 0.05 mm
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FIGURE 19 Peel stress distribution for (A) carbon fiber reinforced polymer (CFRP), (B) CFRP+25%thin-ply, (C) CFRP+25%thin-ply/3,

(D) CFRP+50%thin-ply/4 at the displacement of 0.03 mm
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FIGURE 20 Level of failure for carbon fiber reinforced

polymer and hybrid configurations

of failed elements by the total area. By replacing layers of
CFRP with thin-ply in the composite laminate for 12.5
and 25% of the total laminate thickness, a now lower
number of elements exceeds the maximum strength of
the matrix. However, as the displacement increases up to
0.05 mm (see Figure 18), a larger number of elements
will exceed the CFRP matrix maximum strength and the

difference between the configurations starts to become
more apparent.

4.2 | Effect of thin-ply distribution

Figures 19 and 21 illustrate the effect of distributing a
constant amount of thin-ply through the thickness of the
composite laminate, presenting the peel stress distribu-
tion in each representative volume for the same imposed
displacement values 0.03 and 0.05 mm, respectively.
These results suggest that distributing the thin-ply
through the thickness decreases the level of stress and
reduces the number of elements which have exceeded
the CFRP matrix maximum strength for CFRP+25%thin-
ply/3 and CFRP+25%thin-ply/4. The CFRP+25%thin-
ply/4 configuration remains as the configuration, which
presents the lowest level of peel stress distribution. This
is in line with the experimental results presented before.
Figure 20 shows the level of failure, calculated by divid-
ing the area of failed element over the total area. By dis-
tributing a constant amount of thin-ply through the
thickness of a composite laminate in three and four
layers, fewer elements exceed the matrix maximum
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FIGURE 21 Peel stress distribution for (A) carbon fiber reinforced polymer (CFRP), (B) CFRP+25%thin-ply, (C) CFRP+25%thin-ply/3,

(D) CFRP+50%thin-ply/4 at the displacement of 0.05 mm

strength. The numerical results are thus again in line
with the experimental results.

5 | CONCLUSIONS

This work studied the effect of reinforcing unidirectional
CFRP laminates using 0° unidirectional thin-plies. Differ-
ent layup configurations, combining thin-plies and con-
ventional CFRP plies were studied.

« Experimental results show that the hybrid composite
blocks using 12.5% and 25% of thin-plies present 28%
and 25.5% higher failure load (respectively) when com-
pared to the reference CFRP. This is mainly due to
higher ductility conferred to the material by the pres-
ence of thin-plies.

 Analysis of the failure mechanism shows that the thin-
ply resistance to crack propagation is mainly due to
the more uniform fiber distribution and less resin-rich
and fiber-rich area in the thin-pies. This is in a line
with the literature review and the SEM micrographs
obtained within the context of this work.

« Distributing a constant amount of thin-ply through the
thickness increases the failure load up to 43% (com-
pared to the reference CFRP).

« A numerical 2D representative volume element model
was created for the reference CFRP and hybrid config-
urations. The numerical 2D elastoplastic simulation
has shown a larger number of elements exceeding the
matrix maximum strength of the strength in conven-
tional CFRP RVE when compared to the hybrid
configuration.
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Abstract. Delamination in composite laminates is primarily caused by transverse tensile stress.
However, experimental and numerical studies have consistently shown that hybrid composite
laminates, reinforced with thin-plies, exhibit greater strength under static transverse tensile loads in
comparison to reference conventional composite laminates. This study focuses on analyzing the
behavior of composite laminates reinforced by thin-ply, subjected to high-rate and impact transverse
tensile loading. A conventional composite, Texipreg HS 160 T700, and a thin-ply, NTPT-TP415,
were selected for this investigation. Hybrid laminates were created by integrating 25% thin-plies
throughout the laminate's thickness. Subsequently, unidirectionally stacked laminates were subjected
to high-rate and impact transverse tensile loading.

The experimental results showed a slight increase in the transverse tensile strength of the hybrid
laminate compared to the reference conventional composite under both high-rate and impact-loading
conditions. To delve into the microscale behavior of these configurations, a representative volume
element was analyzed using numerical methods, providing valuable insights into the studied setups.

Keywords. composite laminate; thin-ply; high-rate loading; impact loading

1. Introduction

The utilization of carbon fibre reinforced polymers (CFRP) is steadily increasing across
various industries. A wide range of composites are now available for designing and
manufacturing high-performance products, including vehicle structures, sporting goods, and
consumer products (Ashby and Jones (2012) and Liu et al. 2021). Modern composites
typically consist of two main components: the matrix, responsible for material cohesion, and
the reinforcement, such as fibres, which provides strength and stiffness to the composite
(Karatas and Gokkaya (2018)). However, due to the significantly lower strength of the
matrix compared to the reinforcement, composites are prone to delamination failure. When
loads are applied perpendicularly to the reinforcement, they are primarily borne by the weak
matrix, leading to delamination. This susceptibility is particularly evident in bonded joints
of composites, where load transfer through the joint can result in substantial peel stresses
(Cantwell and Morton (1991)), induce cracks, rapidly degrade the mechanical performance
of the structure, and ultimately lead to catastrophic failure (Su (1989)). Therefore, various
techniques have been employed to enhance composite strength and delay delamination. For
instance, laminates have been reinforced using adhesives, metallic films (Ramezani et al.
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2022 and Simoes et al. 2022) or glass-fibre fabric reinforcement (Shang et al. 2019 and
Ramezani et al. 2023a). Through-thickness reinforcement is a reliable approach to enhance
interlaminar strength and delamination resistance in composite structures while promoting
integration (Chan (1991)) including the utilization of weaves or braids. While these methods
have proven to be effective, their complexity and limited flexibility often impose restrictions
on their application. Additionally, these techniques typically involve the incorporation of an
additional production step Verpoest et al. 1989 and Dransfield et al. 1994), leading to
increased process costs.

An important advancement in the field of composites is the emergence of thin-ply
laminates. Thin-ply laminates are characterized by layers that are less than 100 um in
thickness (Arteiro et al. 2018). This remarkable reduction in layer thickness has been made
possible through the progress and industrialization of the spread-tow process (Sihn et al.
2007), which allows the production of flat, straight plies with a very thin dry ply thickness
of just 0.02 mm. The use of thin-plies offers greater flexibility in laminate design. By
decreasing the thickness of each individual layer, the number and orientation of layers in a
laminate can be precisely controlled and adjusted to be more responsive to specific load
conditions (Kotter et al. 2020). This increased control over laminate design enables
optimization for enhanced performance and tailored mechanical properties. The larger
number of layers and associated interfaces in thin-ply laminates contributes to lower shear
stresses (Kotter et al. 2020). Consequently, thinner plies in composites are known to exhibit
higher in-situ transverse strength (Wisnom et al. 2008), which depends not only on lamina
thickness but also on the orientation of adjacent laminae (Flaggs and Kural (1982)).
Moreover, the onset and propagation of free-edge delamination are influenced by ply
thickness and stacking sequence (Kim and Sony (1984)). The utilization of thinner plies and
the resin spreading process in thin-ply laminates contribute to a more homogeneous fibre
distribution and reduced resin-rich regions (Amacher et al. 2014 and Ramezani et al. 2023b).
However, it should be noted that laminate properties can still deteriorate rapidly after
damage, potentially leading to premature failure (Guillamet et al. 2014).

Thin-ply laminates are renowned for their improved mechanical performance, as they
exhibit the ability to delay matrix damage initiation, suppress transverse microcracking
(Arteiro et al. 2018), and mitigate free edge delamination (Kotter et al. 2020), under static,
fatigue, and impact loads. Remarkably, these enhancements can be achieved without relying
on high-performance resins or 3-D reinforcements, which are typically required in
conventional composites (Zubillaga et al. 2015, Yokozeki et al. 2008, and Minia and York
(2017)). As a result, failure modes in thin-ply laminates shift from complex multimode
failure processes to a more quasi-brittle failure mode, particularly in thinner plies (Sihn et
al. 2007).

Experimental data indicates that in ultra-thin-ply laminates, failure predominantly occurs
through direct delamination triggered by shear forces and minor matrix cracking. In contrast,
laminates with thicker plies primarily experience damage onset through matrix cracking,
which subsequently induces delamination and occurs earlier compared to laminates with
thinner plies. Additionally, fibre breakage tends to manifest earlier in ultra-thin-ply
laminates (Wagih et al. 2016). Considering that composite laminates often exhibit brittle
failure and are susceptible to damage accumulation, such as matrix cracks and delamination,
interlaminar properties play a crucial role in enhancing the overall performance of these
laminates (Huang et al. 2018). Thin-ply laminates, with their superior resistance to damage



and delamination, have the potential to exhibit higher interlaminar shear properties (Huang
et al. 2018) and strain energy (Kupski et al. 2020) compared to conventional plies.

In a previous study (Ramezani et al. 2023c), the authors demonstrated that the
replacement of the conventional composite with optimum layers of thin-plies resulting in
hybrid composite laminates could increase the transverse tensile strength of the hybrid
laminate loaded statically. The hybrid (25% thin-ply) laminates were fabricated by
incorporating 25% of thin-plies throughout the laminate's thickness. The current study seeks
to study and quantify the performance of hybrid (25% thin-ply) laminate reinforced by thin-
ply under high-rate and impact transverse tensile loading.

2. Experimental detail
2.1. Material
211 Conventional composite

The materials employed in this study were carefully chosen to accurately reflect those
commonly utilized in the aerospace industry. For the conventional composite, a
unidirectional carbon-epoxy prepreg with a ply thickness of 0.15 mm was selected. This
prepreg, known as Texipreg HS 160 T700 (manufactured by Seal Spa, Legnano, Italy),
served as the commercial reference material and has the following mechanical properties:
Young’s modulus (E;=109.0 and E»=8.8 GPa), shear modulus (G1,=4.3 and G13=3.2 GPa),
fracture energy (Gic= 0.6 and G;c=1.2 N/mm) (Campilho et al. 2005 and Machado et al.
2017).

21.2 Thin-ply

For the thin-ply material, a unidirectional 0° oriented carbon-epoxy prepreg with a ply
thickness of 0.07 mm was selected. This thin-ply has the commercial reference NTPT-TP415
and the following mechanical properties: Young’s modulus (E;=101.7 and E»=5.7 GPa),
shear modulus (G12=3.0 and G13=3.0 GPa), fracture energy (Gic= 0.7 and G;ic=0.8 N/mm)
(Ramezani et al. 2023d).

2.2 Plate manufacturing

Both the reference conventional and thin-ply composite laminates have been created
following a similar manufacturing process, which involves stacking the plies layer by layer.
This stacking process is repeated until the desired thickness of the laminate is achieved. In
the case of the hybrid (25% thin-ply) laminate, thin-ply layers are strategically positioned
on the outer surfaces and central part of a conventional composite laminate. The mentioned
configuration was found to present considerably higher transverse tensile strength under
static loading (Ramezani et al. 2023c). This configuration allows for a combination of thin-
ply and conventional layers, resulting in the formation of the hybrid (25% thin-ply) laminate.
Hybrid (25% thin-ply) laminates were fabricated by incorporating 25% of thin-plies
throughout the laminate's thickness. Fig. 1 schematically illustrates the design of the hybrid
(25% thin-ply) laminate. To maintain consistency, all configurations were designed to have
the same overall thickness of 3.2 mm. To ensure uniform thickness throughout the plate, a



mould was employed during the manufacturing process. The mould was appropriately
coated with a release agent to facilitate the easy removal of the finished plates. Subsequently,
the plates were cured in a hot press under specific conditions of 30 bar pressure and a
temperature of 130°C for a duration of two hours, following the recommendations provided

by the manufacturer.
I 3.2mm

Fig. 1 Schematic design for hybrid (25% thin-ply) laminate

Following the curing process, the plates were carefully cut to the desired dimensions of
(25x25 mm?). Subsequently, steel blocks, as depicted in Fig. 2, were affixed to the
composite laminates using the Araldite 420 A/B adhesive. This adhesive is designed to cure
at room temperature over a 24-hour period. Any excess adhesive or resin present on the
specimens after curing was manually removed using a file and sandpaper, ensuring a clean
and precise surface.

Steel block

Composite laminate

Pin

(@) (b)
Fig. 2 Schematic design of steel blocks attached to composite laminates at (a) high-rate and (b)
impact loading condition



2.3 Surface treatment

To prepare the specimens for tensile testing, the composite laminates were affixed to steel
blocks, as depicted in Fig. 2. To prepare the surface of the composite laminates for bonding
to the steel blocks, a light sandpaper was used to smoothen the surface, followed by cleaning
with acetone to remove any contaminants (Akiyama et al. 2020), including the residual
release agent used during the plate manufacturing step (as discussed in Section 2.2).

In order to enhance the surface energy and promote bonding, plasma treatment was
conducted on the composite surfaces (Ohkubo et al. 2020 and Freund et al. 2021). This
plasma treatment was carried out using an Arcojet PG 051 plasma device, operating at a
frequency of 50-60 Hz. The nozzle of the device was positioned approximately 20 mm away
from the surface of the composite laminates, and the treatment was applied for a duration of
5 seconds. The surface of the steel blocks was sandblasted, followed by a degreasing process
using acetone to ensure the removal of any residual contaminants.

2.4 Testing conditions

The specimens were tested at two different constant crosshead rates, 0.1 and 2 m/sec. For
high-rate loading, an Instron 8801 servo hydraulic testing machine equipped with a 100 kN
load cell was utilized. To conduct impact tests on the specimens, an in-house developed
drop-weight impact testing machine was employed (Antunes et al. 2019). This testing
machine grips the upper part of the adherend, while leaving the lower portion free. A mass
is then dropped from a specific height and impacts on the lower part of the grip. This subjects
the specimen to a high-rate tension-shear loading. The impact velocity is determined by the
drop height, following the principle of energy conservation. In this study, a 50 kg mass and
an impact velocity of 2 m/s were chosen, resulting in an impact energy of 100 J.

All tests were carried out under laboratory ambient conditions with a room temperature of
24°C and a relative humidity of 55%. Four test repetitions were carried out for each
configuration under analysis, ensuring reliable and consistent results.

3. Experimental results

Figs. 3-4 present the representative experimentally obtained load-displacement curves for
the thin-ply, conventional composite, and hybrid (25% thin-ply) laminates under high-rate
and impact loading, respectively. For both loading conditions, it was observed that the
reference thin-ply configuration exhibited the lowest transverse tensile strength when
compared to other configurations. However, an interesting finding was that the reference
thin-ply laminate demonstrated a significant increase in displacement at the point of failure
under impact loading, in comparison to the reference conventional composite. This suggests
that while the transverse tensile strength may be lower for the reference thin-ply
configuration, it possesses a greater ability to deform and absorb energy during impact
events, leading to larger displacements before failure occurs. It also emphasizes the potential
benefits of thin-ply laminates in terms of impact resistance and deformation capability,
despite their lower transverse tensile strength compared to conventional composites.
Furthermore, this provides an explanation for the ductile behaviour of the thin-ply over that
of the conventional composite (Ramezani et al. 2023c). Moreover, it was observed that the



reference conventional composite and the hybrid (25% thin-ply) laminate exhibited similar
strength characteristics under 0.1 m/sec loading conditions. However, when subjected to
impact loading, the hybrid (25% thin-ply) laminate demonstrated higher transverse tensile
strength and displacement at the point of failure in comparison to the reference conventional
composite. These findings suggest that the inclusion of thin-ply layers in the hybrid (25%
thin-ply) laminate contributes to improved performance and enhanced resistance to
transverse tensile forces during impact loading.

16
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—
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Fig. 3 Representative experimentally obtained load-displacement curves for thin-ply,
conventional composite, and hybrid (25% thin-ply) laminates, loading under 0.1 m/sec
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Fig. 4 Representative experimentally obtained load-displacement curves for thin-ply,
conventional composite, and hybrid (25% thin-ply) laminates under impact loading (2 m/sec)

Fig. 5-6 presents the specimens after failure, illustrating the crack path through the
thickness for the reference thin-ply, conventional composite, and the hybrid (25% thin-ply)
laminates under high-rate and impact loading respectively. Under both high-rate and impact



loading conditions, the crack propagation through the thickness is more prominent in the
reference conventional composite and thin-ply laminates.

However, in the case of hybrid (25% thin-ply) laminate, the crack initiation primarily
occurs in the conventional composite and then propagates towards the interface between the
conventional composite and the thin-ply. In certain cases, after reaching the interface, the
crack propagates back into the conventional composite. This observation highlights the thin-
ply resistance against crack propagation and its effective role of as a barrier to crack
propagation, promoting a more uniform distribution of fibres and minimizing the presence
of resin-rich and fibre-rich areas. Consequently, stress concentrations are reduced, and the
hybrid (25% thin-ply) laminates can sustain load levels.

(@) S (©
Fig. 5 Failure mechanism for (a) thin-ply, (b) conventional composite and (c)
hybrid (25% thin-ply) laminates under high-rate loading




Fig. 6 Failure mechanism for (a) thin-ply, (b) conventional composite and (c)
hybrid (25% thin-ply) laminates under impact loading

The examination of failure surfaces in both the reference conventional composite and the
hybrid laminates, featuring a 25% thin ply content, was conducted utilizing a ZEISS
AXIOPHOT microscope. Based on the microscopic images from the failure surface of the
conventional composite and hybrid (25% thin-ply) laminate depicted in Fig. 7, the failure
surface of the reference conventional composite revealed the presence of numerous instances
of fiber breakages (Liu et al. 2012) fibre pull-outs (Okoli and Smith (1998)) and fibre matrix
debonding. In contrast, these specific failure mechanisms were significantly less common
on the failure surface of the hybrid joint, as demonstrated in this analysis.

(@ | (b)
Fig. 7 Microscopic images of (a) conventional composite and (b) hybrid (25% thin ply) laminates

4, Numerical study

To investigate the mechanical behaviour and better understand the advantages of
reinforcing composite laminates with thin-plies at the micro-scale, a representative volume
element (RVE) model was developed. The RVE model employed a large 2-D elastoplastic
analysis and was created using the ABAQUS commercial finite element package. The



dimensions of the RVE model were set at 1.60x1.60 mm? to ensure the analysis could
encompass all configurations under study.

Initially, a smaller-scale RVE model of the conventional composite and thin-ply was
generated with dimensions of 0.20x0.20 mm2 (see Fig. 8). This smaller-scale RVE model
was designed to closely replicate the fibre distribution observed in scanning electron
microscopy (SEM) images (Ramezani et al. 2023c). By doing so, the model aimed to
accurately capture the presence of resin-rich and fibre-rich areas.

The purpose of this RVE analysis was to gain insights into the distribution of fibres within
the composite material, mirroring the real-world characteristics observed through SEM
images. This enabled the model to reproduce the resin-rich and fibre-rich regions, thus
providing a more realistic representation of the material properties and behaviour at the
micro-scale. In the numerical models, the following material properties were assigned to the
matrix and fibres which are based on the information provided by the supplier. For the
conventional composite, the fibre Young's modulus (Er)= 230 GPa, matrix Young's modulus
(Ep)= 3.6 GPa and the matrix maximum strength (¢)=148 MPa and for the thin-ply, the fibre
Young's modulus (Ef)= 294 GPa, matrix Young's modulus (E;,)= 3.3 GPa and the matrix
maximum strength (c)=138 MPa was reported. The fibre diameter (D) and the fibre volume
fraction (V) for both conventional composite and thin-ply was reported 7 (um) and 0.35
respectively. A total of 293 fibres were used in these initial RVESs (see Fig. 8).

Conventional

Thin-ply matrix composite matrix

Thin-ply fibre

(a) (b)
Fig. 8 Initial RVE for the (a) thin-ply and (b) conventional composite

Afterwards, the initial representative volume element (RVE) was replicated in the main
RVE for the thin-ply, conventional composite and the hybrid (25% thin-ply) configuration.
Fig. 9 provides an illustration of the RVESs generated for these configurations. The same
boundary conditions were applied to all RVE models, as shown in Fig. 9. A displacement of
0.04 mm with an amplitude of 4 x 10~* and 2 x 10~° was imposed to the top edge to mimic
the dynamic high-rate and impact loading conditions respectively. Two-dimensional, 3-node
linear plane stress triangular elements were utilized to discretize the model and create the
mesh.
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Fig. 9 Simulated RVE for (a) thin-ply, (b) conventional composite and (c) hybrid (25% thin-ply)
configurations

Figs. 10-11 display the distribution of peel stress within each representative volume
element (RVE) when subjected to a displacement of 0.04 mm under high-rate and impact
loading, respectively. To focus on the behaviour of the matrix, the stress values in the fibres,
which can withstand significantly higher stresses, were omitted from the results. The colour
scale is limited to the maximum stress within the matrix of the conventional composite (148
MPa), and any elements with stress values exceeding this limit are shown in grey.

In Figs. 10-11, it can be observed that some elements in the RVE corresponding to the
conventional composite have surpassed the maximum strength of the matrix, indicating the
initiation of matrix failure. It should be noted that if the colour scale were limited to the
maximum strength of the thin-ply matrix (138 MPa), a larger area would exceed the matrix



strength in each configuration. The results for the hybrid (25% thin-ply) configuration are
taken at the interface between the conventional composite and the thin-ply since the interface
was shown to be crucial. Therefore, the same location was used to display the result of the
peel stress distribution for the thin-ply and the conventional composite laminates. In the case
of the hybrid (25% thin-ply) model, a lower level of stress and a smaller number of elements
exceeding the conventional composite matrix maximum strength compared to the
conventional composite model for both high rate and impact loading. These results are
consistent with the experimental observations.
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Fig. 10 Peel stress distribution for (a) thin-ply, (b) conventional composite, (c) hybrid (25% thin-
ply) configuration at displacement of 0.04 mm under high-rate loading
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Fig. 11 Peel stress distribution for (a) thin-ply, (b) conventional composite, (c) hybrid (25% thin-
ply) configuration at displacement of 0.04 mm under impact loading

Fig. 12 shows the level of failure, which is calculated by dividing the area of failed

elements (grey elements) by the total area (Ramezani et al. 2023c). It should be noted that

the total area under analysis was common to all numerical models. This ratio was precisely

guantified using the IC-Measure software and the obtained results have shown that the

hybrid (25% thin-ply) laminates present a lower level of failure for both the high-rate and
the impact loading condition.
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Fig. 12 Level of failure for the thin-ply, conventional composite and hybrid (25% thin-ply)
configurations under high-rate and impact loading

5. Discussion

Fig. 13 provides a comprehensive summary of the experimental results obtained in this
study. The findings indicate that replacing a portion of the conventional composite layers
with thin-ply layers, up to a 25% content, enhances the strength of the composite laminate
under transverse tensile loads. Earlier studies indicate that thin-ply materials demonstrate a
more ductile behavior and are relatively weaker than conventional composites. However,
conventional composite laminates, while stiffer, have a higher likelihood of experiencing



premature failure due to their inherent characteristics. Therefore, the observed increase in
failure load under transverse tensile loading can primarily be attributed to the improved
ductility of the laminate, resulting from the incorporation of thin-ply layers in hybrid (25%
thin-ply) laminates.

SEM images support these conclusions by revealing a reduction in the presence of resin
and fibre-rich regions within the thin-ply layer. Indeed, the crack propagation through the
thickness is evident in the reference conventional composite and thin-ply laminates. This
suggests that these configurations are more susceptible to crack propagation and do not
exhibit strong resistance against crack propagation. The ease of crack propagation in these
laminates can be attributed to factors such as stress concentrations, resin-rich and fibre-rich
regions, and possibly lower interlaminar shear strength. However, the crack path through the
thickness for the thin-ply is more even compared to the more unstable crack path through
the thickness in the conventional composite laminate. This can be attributed to the more
uniform fibre distribution in thin-ply laminate. The uniform fibre distribution in thin-ply
laminates is achieved due to the thinner individual plies and the resin spreading process
associated with these materials. This results in a more homogeneous distribution of fibres
throughout the laminate, reducing the presence of resin-rich and fibre-rich areas. Therefore,
the more uniform fibre distribution in thin-ply laminates plays a significant role in promoting
more even crack paths through the thickness, contributing to their enhanced mechanical
properties compared to conventional composite laminates.

On the other hand, the hybrid (25% thin-ply) laminate shows a different behaviour, with
the crack being restricted mainly to the interface between the conventional composite and
thin-ply. This indicates that the presence of the thin-ply layer acts as a barrier to crack
propagation, effectively impeding the crack from propagating through the thickness. The
improved crack resistance in the hybrid (25% thin-ply) laminate can be attributed to a more
uniform fibre distribution, reduced resin-rich and fibre-rich areas, and possibly enhanced
interfacial bonding between the conventional composite and thin-ply layers. Overall, the
crack propagation behaviour observed in the different laminates highlights the advantages
of the hybrid (25% thin-ply) configuration in terms of improved crack resistance and reduced
susceptibility to crack propagation through the thickness. The schematic representation in
Figs. 14-15 illustrates the proposed failure mechanism in the reference thin-ply,
conventional composite, and hybrid (25% thin-ply) laminates under high-rate and impact
loading respectively, as described above. Although thin-ply materials exhibit a more ductile
behavior, they offer advantages in terms of enhanced resistance against certain failure
modes, which can contribute to improved overall performance and durability in specific
applications.
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Fig. 13 Summary of the experimental results for thin-ply, conventional composite, and hybrid
(25% thin-ply) laminates under static (Ramezani et al. 2023c), high-rate and impact loading
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Fig. 14 Schematic design of failure mechanism for (a) thin-ply, (b) conventional composite and
(c) hybrid (25% thin-ply) laminates under high-rate loading
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Fig. 15 Schematic design of failure mechanism for (a) thin-ply, (b) conventional composite and
(c) hybrid (25% thin-ply) laminates under impact loading

The numerical model used in the previous study by the authors (Ramezani et al. 2023c)
for the hybrid (25% thin-ply) configuration under static loading was replicated to enable a
direct comparison with the numerical results obtained under high-rate and impact loading
conditions. Fig. 16 depicts the peel stress distribution of the hybrid (25% thin-ply) under
static loading at the displacement of 0.04 mm. The level of failure obtained was then
compared with the ones obtained under high rate and impact loading as shown in Fig. 17(a).
As observed, the level of failure decreases as the loading speed transitions from static to
high-rate and from high-rate to impact loading. This observation is corroborated by the
experimentally obtained failure loads presented in Fig. 17(b) demonstrating an increase in
the failure load as the loading condition shifts from static loading to high-rate and from high-
rate to impact loading.
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Fig. 16 Peel stress distribution for the hybrid (25% thin-ply) configuration at displacement of
0.04 mm under static loading
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Fig. 17 (a) Level of failure and (b) experimentally obtained failure load for the hybrid (25% thin-
ply) configuration under static, high-rate and impact loading

6. Conclusions

This work studied the effect of reinforcing unidirectional conventional composite
laminates using thin-plies under high-rate and impact transverse tensile loading.

» Experimental findings indicate that the hybrid (25% thin-ply) composite laminates
exhibit a 25.5% higher failure load under static loading and a 5% higher failure load under
impact loading, compared to the reference conventional composite laminate. This enhanced
strength can be primarily attributed to the increased ductility resulting from the presence of



thin-plies. However, both the conventional composite and hybrid (25% thin-ply) laminates
demonstrate similar strength under high-rate loading conditions.

* In the hybrid (25% thin-ply) laminates, the thin-ply layers act as a barrier against crack
propagation for both high-rate and impact loading. Consequently, the crack is predominantly
confined to the interface between the conventional composite and thin-ply layers. Analysis
of the failure mechanism reveals that the thin-ply layers effectively impede crack
propagation, primarily due to their more uniform fibre distribution and reduced presence of
resin-rich and fibre-rich areas.

» Numerical simulations using a 2D representative volume element model were
conducted for the reference conventional composite and hybrid (25% thin-ply)
configurations under both high-rate and impact loading. The results indicate that the
conventional composite model exhibits a larger number of elements surpassing the
maximum strength of the matrix (which have failed) compared to the hybrid (25% thin-ply)
model.

* The numerical model for the hybrid (25% thin-ply) was replicated under static loading
and compared to the ones under high-rate and impact loading. The results illustrated a
decrease in failure level as the loading speed transitions from static to high-rate and from
high-rate to impact loading which is consistent with the experimental observations.
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ABSTRACT

Thin-plies are generally defined as composites with ply thicknesses below 100 um. These materials
are rapidly gaining interest for high-performance applications, for example, the aerospace sector.
Many practical techniques have been proposed to prevent delamination and improve the strength
of composite laminates. A recent study has shown that the delamination could be postponed by
replacing layers of CFRP with thin-ply in a unidirectional composite laminate, a configuration
known as hybrid laminates reinforced with thin-plies. Since fiber orientation is known to be one
of the most important parameters in composite laminate design, this study investigates the effect
of oriented layers of thin-ply or both thin-ply and conventional CFRP in a hybrid laminate under
out-of-plane tensile loading. A numerical Representative Volume Element (RVE) model for CFRP
and thin-ply was generated, considering the unidirectional [0], cross-ply [45/—45], and [0/90] in
order to better understand the effect of angle-plied hybrid composite laminates. Experimental
results show that angle-plied composite laminates present higher failure load under out-of-plane
tensile loading compared to the unidirectional ones. This can be attributed to the fact that an ini-
tiated crack is faced with a significantly more complex crack path in an angle-plied laminate to
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advance in the through-the-thickness direction.

1. Introduction

The use of carbon fiber reinforced polymer (CFRP) materials in
different industries is continuously increasing [1-4]. Thin-ply
laminates are defined as laminates composed using plies with a
thickness of less than 100 um [5]. These layer thicknesses are
available through the spread-tow process [6] which produces flat
and straight plies with a dry ply thickness as low as 0.02 mm
[7]. With an improved spreading process, small layer thicknesses
and more homogeneous fiber are achieved [8].

By reducing the thickness of the single layer, the quantity of
the individual layers and therefore the degrees of freedom in the
orientation are increased [9]. This results in a larger number of
interfaces in thin-ply laminates, lowering the shear stresses [9,
10]. Moreover, thin-ply laminates are known for their ability to
delay the onset of the matrix damage mechanisms and suppress
out-of-plane microcracking [5] and free edge delamination [9,
11] for static, fatigue, and impact loadings. Due to their superior
damage and delamination resistance properties, thin-ply lami-
nates could exhibit higher interlaminar shear properties [12] and
strain energy [13] compared to conventional plies. Thin plies
can also represent a favorable approach to improve the perform-
ance of adhesively bonded CFRP due to their ability to enhance
the off-axis performance of composites and postpone

delamination [13]. Moreover, due to the in situ effect [14] the
location of composite failure could be changed from the ply
interface toward the mid-thickness of the composite adherend.

Delamination in a composite laminate can lead to rapid
deterioration of the mechanical properties and may cause
catastrophic failure of the composite structure [15, 16].
Once the damage is initiated, laminate properties may
deteriorate, leading to premature failure [17, 18].
Accordingly, multiple studies have investigated methods for
composite laminate modification to delay delamination as
the use of Fiber Metal Laminate (FML) [19], composite lam-
inates with toughened layers [20], using Z-pins [21, 22], 3D
weaving [23], stitching [24], braiding [25], or using add-
itional thermoplastic inter-plies [26], etc.

In the case of composite laminates, the effect of the stacking
sequence has been widely studied [27, 28]. Ultimately, an opti-
mum stacking sequence is dependent on the specimen config-
uration, material properties, and the load being transferred to
the composite laminate. Ozel et al. [29] studied the effect of
the stacking sequence in a single lap composite/composite joint
considering [0];6, [0/90]s, [45/—45]s, and [0/45/—45/90],. In
this case, the stacking sequence of [0/45/—45/90], presented
the highest strength. This is while when they [29] changed one
of the adherend to aluminum (composite/aluminum joint), the
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optimum stacking sequence of the adherend changed to [0];s.
Akpinar [30] studied five different orientations ([0];s, [90]16,
[0/90]g, [45/—45]s, [0/45/—45/90]4) in a double strap joint
under tensile loading. The authors [30] found out that the
joints with the composite patches of [0],4 presented the highest
failure load.

It has been mentioned that, in the case of single lap
joints, failure load seems to be directly correlated to the dis-
tance of the ply at 0° to the adhesive layer. Since the 0°
layer is known to be the location of the final failure, it can
be assumed that its distance from the adhesive layer hinders
the crack propagation process and thus increases the joint
strength [31]. However, in the case of double lap joints
under impact loading [32] joints having substrates with
fibers oriented parallel to the loading direction (unidirec-
tional 0°) were found to present the highest shear strength.

A previous study by the authors [33] has shown that
replacing layers of conventional composite in a unidirec-
tional laminate with layers of thin-ply can postpone the
delamination and increase the strength under out-of-plane
tensile loading. In the first stage of the study, the effect of
the thin-ply thickness in a specific hybrid laminate was
studied. It was found that the use of 25% thin-ply per total
thickness of the laminate presents the highest laminate
strength under out-of-plane tensile loading (representing the
optimum amount). In a second stage, the effect of distribut-
ing the optimum amount through the thickness was investi-
gated. Figure la shows the studied configuration for

unidirectional reference CFRP, thin-ply, and the optimum
hybrid laminate configuration. Figure 1b illustrates the
experimental results obtained.

The current article investigates the effect of using angle-
plied layers in hybrid composite laminates under out-of-plane
tensile loading, both numerically and experimentally. The HS
160 T700 by CIT and TP415 by NTPT are used as conven-
tional CFRP and thin-ply, respectively. An experimental study
was performed by testing reference angle-plied CFRP and
thin-ply configurations. Afterwards, a RVE model was carried
out to better understand the effect of angle-plied layers in
both CFRP and thin-ply configurations. The experimental
results showed that angle-plied composite laminates present
higher performance load under out-of-plane tensile loading
when compared to the unidirectional configurations.

2. Experimental details
2.1. Conventional CFRP

The materials used in the studied configurations were chosen
to be as representative as possible of a final application in

Table 1. CFRP mechanical properties [34].

Mechanical property Value
E1 (MPa) 109,000
E, (MPa) 8819
G|2 (MPa) 4315
Gic (N/mm) 0.59

Thin-ply

|__CERP+2 5 athin.ply/d ]

(a)
CFRP+25%thin-ply/3

10000
8000
£ 6000

=2

(b) f
TE 4000

i
2000
0

u CFRP

Thin ply

CFRP+25%thin ply/3

Figure 1. (a) Schematic design for conventional CFRP, thin-ply, and hybrid laminate and (b) summary of the experimental results for unidirectional reference CFRP,

thin-ply, and hybrid laminate. Adopted from [33].
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Figure 4. Representative stress—strain curve obtained from the 90° and 0°
tensile test.
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the aerospace sector. Thus, a unidirectional prepreg carbon-
epoxy composite with ply thickness of 0.15mm was selected,
with the commercial reference Texipreg HS 160 T700
(Seal Spa, Legnano, Italy). This is an orthotropic material,
whose mechanical properties are presented in Table 1.
The elastic mechanical properties of the CFRP correspond to
the orientation of a 0° CFRP ply (1 and 2 are defined as
fiber and out-of-plane direction)

2.2. Thin-ply

Unidirectional 0° oriented carbon-epoxy prepreg composite
with ply thickness of 0.07mm was selected, with the com-
mercial reference NTPT-TP415. The elastic orthotropic
properties for this thin-ply were characterized using a servo-
hydraulic testing machine (Instron 8801), with a load cell of
100kN and following appropriate testing standards.

2.2.1. Tensile test 0° and 90°

The tensile test in order to obtain E; and E, is performed
using ASTM D 3039/D 3039 M standard. Figure 2 presents
the schematic design for specimens used for (a)
Longitudinal and (b) Out-of-plane tensile test. Mentioned t
in Figure 2 represents the thickness of the specimen. A
quasi-static test (2mm/min) was performed according to the
mentioned standard.

Digital image correlation was performed in order to
obtain the strain using an open-source Moire software in
order to measure contour of deformation, strain on the
composite material. The specimens were painted with white
spray and speckled with white ink dots (see Figure 3). This
is necessary to support the DIC analysis, based on the cor-
relation of a set of neighboring points considered in pictures
captured before and after loading [20]. Figure 4 shows the
representative stress-strain curve obtained for the specimens
with 0 and 90 fiber direction.

2.2.2. Shear test
Different standards have been used to perform the shear test
for composite unidirectional materials. In this case, the

~ UM

Figure 5. Schematic design of specimens for shear test.

200 mm
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ASTM D 3518/D 3518M standard was used in order to
obtain Gy,. A plate with lay up of [45/—45]¢ was manufac-
tured. Figure 5 shows a schematic design for the manufac-
tured specimen. A quasi-static test (2mm/min) was
performed according to the mentioned standard.

Digital image correlation was performed in order to
obtain the strain using an open-source Moire software for
data processing. Figure 6 shows the stress-strain curve
obtained for the specimens. Figure 7 shows the samples after
failure.

2.2.3. DCB test

In this case, the D 5528-01 standard was used to obtain
mode I fracture energy (GIC). Figure 8 shows the schematic
design of the specimens manufactured for DCB test. Steel
blocks were attached to the DCB specimens. A Teflon layer
was used to create a precrack in the DCB specimen, which
is shown by as green line in Figure 8.

The specimens are attached to steel blocks, as shown in
Figure 8, allowing testing in a universal testing machine.
The surface of laminates was abrased smoothly using sand-
paper and then cleaned with acetone, since release agent was
used in the plate manufacturing step in order to prevent the

30

25

Stress [MPa]
— [
n (=]

.._
(=]

N

0 0.001 0.002 0.003
Strain [%]

Figure 6. Representative stress—strain curve obtained from shear test.

0.004  0.005

Failure

(a) (b)

Figure 7. (a) 0° tensile test, (b) 90° tensile test and (c) shear test after failure.

adhesion between the plates and the mold. Moreover,
plasma treatment was performed on the composite surfaces.
Furthermore, it has to be mentioned that the steel blocks
were sandblasted and then washed with acetone.

CBBM [35] method is used in order to obtain Gjc and
Figure 9 shows the representative R-curve obtained using
the CBBM method. The DCB specimen testing and its fail-
ure morphology are shown in Figure 10. Table 2 shows a
summary of mechanical property characterization for
NTPT-TP415 thin-ply

2.3. Plate manufacturing

The manufacturing process of the reference CFRP or thin-
ply starts with the layer-by-layer stacking of the CFRP pre-
preg, until the desired block thickness is attained. It should
be mentioned that the overall thickness of the laminates is
set to 3.2mm. A mold is used to ensure the thickness of the
manufactured plates and release agent is used to ensure easy
separation of the plate and the mold after curing. Finally,
the plates were cured in a hot plate press under 30bar of
pressure and 130°C for 2h as recommended by the
producer.

After curing, the plates were cut to the desired dimen-
sions (25 x 25 mm?). Steel cubes (see Figure 11) were then

Steel block DCB specimen

. 4 mm

50 mm

140 mm

Figure 8. Schematic design of the specimens manufactured for DCB test.

Failure Failure

(c)
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Figure 9. Representative R-curve obtained for DCB specimen using CBBM method.

Figure 10. DCB specimen (a) while testing and (b) after failure.

Table 2. Thin-ply mechanical properties.

Mechanical property Value
Ey (MPa) 101,720
E; (MPa) 5680
Grz (MPa) 3030
G/( (N/mm) 0.76

Pin

CFRP block
Steel block

Figure 11. Schematic design of steel blocks attached to conventional CFRP
laminates and loading condition.

attached to blocks, using the PLEXUS MA422 adhesive,
which cures in room temperature after 24h. The adhesive
overflow was removed from the outer surface of the blocks
using sandpaper.

2.4. Configurations

Based on the results previously obtained by the authors
[33], the CFRP + 25%thin-ply/3 configuration was

aeq [mm]

(b)

considered for this study. For the first stage of the study,
in a hybrid block, the conventional CFRP was kept uni-
directional (0°) and thin-ply layers were oriented at
[45/—45], and [0/90], seeking symmetry of the final
laminate (see Figure 12a, b). Moreover, the reference
angle-plied thin-ply laminates ([0/90],s and [45/—45],s)
were also examined.

For the second stage, both the thin-ply layers and the
conventional CFRP layers were oriented at [45/—45], and
[0/90],, seeking symmetry of the final laminate (see Figure
12¢, d). Moreover, the reference-oriented CFRP laminate
([0/90],s and [45/—45],) was studied. The results for the
reference unidirectional CFRP, thin-ply, and hybrid laminate
(CFRP + 25% thin-ply/3) were obtained in a previous
study [33].

2.5. Scanning electron microscope studies

The cross-section of blocks with polished surfaces was
observed using a Scanning Electron Microscope (SEM). In
specimens manufactured with CFRP prepreg, resin-rich, and
fiber-rich area is apparent (marked by red rectangle in
Figure 13a). On the other hand, the fibers are well distrib-
uted in specimens manufactured using thin-ply prepregs.
Therefore, less resin-rich and fiber-rich area is observed,
when compared to the conventional CFRP (see Figure 13)
which is in line with the literature review [8].

2.6. Surface treatment

As mentioned in Section 2.3, composite blocks have to be
attached to steel blocks, (as shown in Figure 11) in order to
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Figure 12. Schematic design of the studied hybrid laminates with oriented plies.

Fiber rich area  Resin rich area

Figure 13. SEM micrographs of (a) CFRP and (b) thin-ply.

allow for assembly in the testing machine. Initially, the sur-
face of the CFRP blocks was abrased using sandpaper.
Afterwards, the blocks were cleaned with acetone, removing
any release agent remaining from the plate manufacturing
step (see Section 2.3). Finally, a plasma treatment was per-
formed on composite surfaces. The steel blocks were sand-
blasted followed by cleaning with acetone.

Resin

Fiber

2.7. Testing condition

The SLJs were tested using an Instron 8801 servo-hydraulic
testing machine with a load cell of 100kN, at a constant
crosshead speed of 1 mm/min (quasi-static). All tests were
performed under laboratory ambient conditions (room tem-
perature of 24 °C, relative humidity of 55%). A minimum of
three repetitions were made for each configuration tested.



3. Experimental results
3.1. CFRP

The manufactured blocks were tested as described in Section
2.7. Figure 14a shows the representative load-displacement
curve obtained for unidirectional and angle-plied CFRP lami-
nates, tested under out-of-plane tensile loading. Experimental
results illustrate that angle-plied laminates present higher
strength compared to the unidirectional ones. According to
the literature [31], higher strength in the angle-plied blocks
may be due to the more complex through the thickness crack
path these materials exhibit, especially when compared to the
crack paths of the unidirectional configurations. Overall, this
results in a higher failure load (see Figure 14b) and this was
clearly observed in the experimentally obtained failure mech-
anism. As seen in Figure 15, an initiated crack in the laminate
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can easily propagate through the thickness in the unidirec-
tional laminate. The crack path is expected to be more com-
plex in angle-plied layers if the crack is moving through the
thickness, which requires higher fracture energy. Therefore, as
seen in Figure 14b, the crack will actually be forced to propa-
gate between two plies in the angle-plied layers.

3.2. Thin-ply

Unidirectional and angle-plied thin-ply laminates were also
manufactured and tested. The representative load-displace-
ment curves registered under out-of-plane tensile loads are
presented in Figure 16a. According to the experimental
results, the angle-plied laminates present higher strength
compared to the unidirectional ones. The explanation pre-
sented in Section 3.1 is also applicable. Moreover, Figure 16b

10000
8000 } %
S 6000
= — [0]
(a) 3 4000 —— [45/-45]
[0/90]
2000
0 . I 1 i A A
0 0.2 0.4 0.6 0.8 1

Displacement [mm]

(b)

[0]

S

e

2qeq

(b)

[45/-45]

Figure 14. (a) Representative load-displacement curve and (b) failure mechanism for reference unidirectional and angle-plied CFRP laminates.

[0/90]

Figure 15. Expected through-the-thickness crack path in unidirectional and angle-plied laminates.
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[0/90]
2000
0
0 0.2 0.4 0.6 0.8 1

Displacement [mm]

(b)

[0] [45/-45] [0/90]
Figure 16. (a) Representative load-displacement curve and (b) failure mechanism for reference unidirectional and angle-plied thin-ply laminates.
10000
8000
Z 6000
= — CFRP[0]+25%thin-ply/3[0]
(a) S 4000 —— CFRP|[0]+25%thin-ply/3[45/-45]
—— CFRP[0]+25%thin-plv/3[0/90]
2000
0

o 0.2 0.4 0.6 0.8 1
Displacement [mm]

CFRP[0]+25%thin-ply/3[0] ~ CFRP[0]+25%thin-ply/3[45/-45] CFRP[0]+25%thin-ply/3[0/90]

Figure 17. (a) Representative load-displacement curve and (b) failure mechanism for hybrid laminate with unidirectional CFRP and oriented thin-ply.

(b)

presents the failure mechanism for the unidirectional and angle-  thickness of the laminate while in an angle-plied configuration
plied thin-ply laminates. As seen in Figure 16b, in a unidirec- the crack path progression through the thickness is more
tional laminate the crack can easily propagate through the restricted, leading to its propagation between two layers.
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Figure 18. (a) Representative load-displacement curve and (b) failure mechanism for hybrid laminate with oriented CFRP and thin-ply.

3.3. Hybrid laminate with unidirectional CFRP and
oriented thin-ply

The hybrid laminate configurations presented in Section 2.4
were tested and the resulting load-displacement curves are
shown in Figure 17a. Generally, hybrid configurations with
the unidirectional CFRP and angle-plied thin-ply layers were
found to present higher failure loads when compared to the
unidirectional laminate (CFRP[0]+ 25%thin-ply/3[0]). This
is acceptable due to the increase in the failure load in angle-
plied thin-ply laminate loaded under out-of-plane tension
loading (see Section 3.2). Figure 17b presents the failure
mechanism for the mentioned unidirectional and angle-plied
hybrid laminate. As seen in Figure 17b, the crack could eas-
ily propagate through the thickness in unidirectional hybrid
laminate. In contrast, the crack progression through the
thickness is more complex in an angle-plied laminate, which
forces failure to occur between plies.

3.4. Hybrid laminate with oriented CFRP and thin-ply

Figure 18a shows the representative load-displacement
curves obtained for hybrid configurations with oriented
CFRP and thin-ply layers. As presented in Sections 3.1 and
3.2, the reference angle-plied CFRP and thin-ply laminates
present higher failure load than the corresponding unidir-
ectional reference laminates. This explains the increase in
the failure load in a hybrid laminate with angle-plied
CFRP and thin-ply. Figure 18b presents the failure mech-
anism for the hybrid blocks with unidirectional and angle-
plied CFRP and thin-ply. As seen in Figure 18b, a crack
could easily propagate through the thickness in unidirec-
tional hybrid laminate.

Table 3. Geometrical and mechanical properties for the fiber and matrix.

CFRP Thin-ply
Diameter (um) 7 7
E fiber (GPa) 230 294
E matrix (GPa) 3.6 33
Vi 0.35 0.35
Matrix maximum strength (MPa) 148 138

4. Numerical study

A representative volume element (RVE) model is employed
to better understand the advantages associated with angle-
plied laminates in micro-scale. The RVE was modeled using
the ABAQUS commercial software. Following the result of
the SEM micrographs presented in Section 2.5, the model
was designed to account for the difference in fiber distribu-
tion between the CFRP and the thin-ply (fiber clustering in
CFRP RVE and relatively uniform fiber distribution for the
thin-ply). Moreover, the number of the fiber was calculated
using Eq. (1) in which N and D are the number and the
diameter of the fibers, respectively, and L, W, and H are the
length, width and the depth of the RVE, respectively.
Moreover, Vy is the volume fraction. The properties of the
used fiber and matrix for the CFRP and thin-ply presented
in Table 3 are provided by the manufacturer.

v _ NIID?
ST aw

(1)

4.1. CFRP

A 3D elastoplastic RVE model with dimensions of
100x100x100 (um)® was studied to partially model two
plies of CFRP. Therefore, fiber directions of [0], [45/—45],
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(a) (b) (c)

Figure 19. RVE models for (a) unidirectional [0] and angle plied (b) [45/—45] (c) [0/90] CFRP.
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Figure 20. Von Mises stress distribution for unidirectional and angle-plied CFRP RVE on plane number 5.



and [0/90] were considered (see Figure 19). According to
Table 3, and Eq. (1) the number of fibers was calculated
considering the before mentioned RVEs dimensions.
Moreover, fiber clustering is also considered for CFRP RVE
models (according to the SEM micrograph data shown in
Section 2.5). The boundary condition applied is shown in
Figure 20. An out-of-plane displacement of 1um was
applied to plane number 1 (in y direction) to fulfill the out-
of-plane tensile loading and the other plane perpendicular
to the y-axis (plane number 6), was fixed in the mentioned
direction. Both planes perpendicular to the x- and z-axis
(in this case plane numbers 4 and 5) were fixed in related
perpendicular directions (x and z, respectively). The bound-
ary conditions were equally applied for all configurations
under study.

The critical plane in each RVE should be determined,
which is expected to be a plane transverse to the

g
o
S

e
=)
(-3

=
=
by

0.04

Level of failure (%)

N

Figure 21. Level of failure obtained for unidirectional and angle-plied CFRP
RVE on plane number 5.
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displacement direction. The planes were evaluated for each
configuration and the critical plane was determined as plane
number 5 for all configurations. Figure 20 shows the Von
Mises equivalent stress distribution for CFRP RVE with the
ply orientation of [0], [45/—45], and [0/90] on plane num-
ber 5. The color bar was restricted to 148 MPa which corre-
sponds to the CFRP matrix maximum strength. Therefore,
the elements with stress value higher than 148 MPa (shown
by grey color) are known as failed elements. An open-source
software (IC Measure) was used in order to obtain the area
of failed elements. The level of failure is the defined as the
area of failed elements divided by the total area of the RVE.
Figure 21 presents the level of failure described above.
According to Figure 21, since the unidirectional RVE shows
a lower level of failure, it is expected for the angle-plied
laminates to present higher strength compared to the unidir-
ectional ones, with the [0/90] configuration expected to pre-
sent the highest strength (the [0/90] configuration shows the
lowest level of failure).

4.2. Thin-ply

The same approach mentioned in Section 4.1 was used for
RVEs with the thin-ply configuration, as shown in Figure 22.
Considering Figures 19 and 22, an attempt was made to
implement the difference in fiber distribution between CFRP
and thin-ply (considering relatively uniform fiber distribution
in thin-ply RVE models compared to the models presented in
Section 4.1). Consequently, RVEs with the fiber direction of
[0], [45/—45], and [0/90] were considered (see Figure 22). The
boundary condition is the same as mentioned in Section 4.1.
The critical plane in each RVE should be determined,
which is expected to be a plane transverse to the displace-
ment direction. Planes were evaluated for each configuration
and the critical plane was determined to be plane number 5

[0]

[45/-45]

Figure 22. RVE models for (a) unidirectional [0] and angle plied (b) [45/—45] (c) [0/90] thin-ply.

[0/90]
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Figure 23. Von Mises stress distribution for unidirectional and angle-plied thin-ply RVE on plane number 5.
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Figure 24. Level of failure obtained for unidirectional and angle-plied thin-ply
RVE on plane number 5.

for all configurations. Figure 23 shows the Von Mises
equivalent stress distribution for thin-ply RVE with the ply
orientation of [0], [45/—45], and [0/90] on plane number 5.
The color bar was restricted to 138 MPa which corresponds
to the maximum strength of the thin-ply matrix. Therefore,
the elements with stress value higher than 138 MPa (shown
in grey color) are known as failed elements. The level of fail-
ure as defined in Section 4.1 was then obtained and pre-
sented in Figure 24. According to Figure 24, as the
unidirectional RVE is presenting higher level of failure. It is

expectable for laminates with angle-ply layers to present
higher strength compared to the unidirectional ones, with
the [0/90] configuration expected to present the highest
strength (the [0/90] configuration shows the lowest level of
failure).

5. Discussion

Figure 25 presents a summary of experimentally obtained
failure loads for the unidirectional and angle-plied laminates.
Generally, the experimental study showed that hybrid lami-
nates present higher strength compared to the reference
conventional CFRP and composite. Moreover, angle-plied
conventional CFRP and thin-ply laminates present higher
strength compared to the unidirectional ones for both
[45/—45],,s and [0/90],, configurations. Therefore, an angle-
plied hybrid composite laminate (unidirectional CFRP with
angle-plied thin-ply or angle-plied CFRP and thin-ply)
presents higher failure load than unidirectional hybrid lami-
nates (see Figure 25). A comparison between Figure 25a and
b shows that the failure load obtained for angle-plied hybrid
laminates with oriented CFRP and thin-ply is slightly higher
than that exhibited by configurations with unidirectional
CFRP and angle-plied thin-ply. This is mainly due to a
more complex through the thickness crack path.
Experimental results also show that the angle-plied laminates
with [0/90], stacking sequence present higher strength for
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Figure 25. Average failure load for laminates with (a) unidirectional CFRP and oriented thin-ply and (b

all configurations. A microscale numerical study shows that
in the case of [0/90],s stacking sequence, the matrix failure
is delayed compared to the [45/—45],, configuration.

6. Conclusion

This study investigated the effect of introducing angled ply
layers in a composite laminate, approaching the problem
from numerical and experimental perspectives. Two stacking
sequences of [45/—45],s and [0/90],s were considered for
the manufacture of reference CFRP and thin-ply-based lami-
nates. A hybrid laminate configuration was also studied
experimentally. A numerical elastoplastic RVE model was
generated for the CFRP and thin-ply with unidirectional and
angle-plied fibers. Based on the obtained results, it can be
concluded that:

1. A numerical analysis indicated that angle-plied CFRP
and thin-ply laminates experience a lower level of fail-
ure under out-of-plane tensile loading, and therefore
the matrix failure process is delayed. Accordingly,
angle-plied laminates are expected to present higher
strength compared to the unidirectional ones.

2. According to the same numerical study, the stacking
sequence of [0/90] presents a lower level of failure com-
pared to [45/—45] for both CFRP and thin-ply
configurations.

3. Experimental results confirm that using angled plied
laminates in the reference or hybrid laminate increases
the failure load under out-of-plane tensile loading. This
is because the through the thickness crack path is more

) oriented CFRP and thin-ply.

complex in angle-plied laminate than unidirectional
laminates. This is a line with the literature review.

4. According to experimental result, hybrid laminates rein-
forced with thin-plies and with the stacking sequence of
[0/90],,s present the highest strength under out-of-plane
tensile loads.
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Abstract: It has been demonstrated that a possible solution to reducing delamination in a unidirec-
tional composite laminate lies in the replacement of conventional carbon-fibre-reinforced polymer
layers with optimized thin-ply layers, thus creating hybrid laminates. This leads to an increase
in the transverse tensile strength of the hybrid composite laminate. This study investigates the
performance of a hybrid composite laminate reinforced by thin plies used as adherends in bonded
single lap joints. Two different composites with the commercial references Texipreg HS 160 T700 and
NTPT-TP415 were used as the conventional composite and thin-ply material, respectively. Three
configurations were considered in this study: two reference single lap joints with a conventional
composite or thin ply used as the adherends and a hybrid single lap. The joints were quasi-statically
loaded and recorded with a high-speed camera, allowing for the determination of damage initiation
sites. Numerical models of the joints were also created, allowing for a better understanding of the
underlying failure mechanisms and the identification of the damage initiation sites. The results show
a significant increase in tensile strength for the hybrid joints compared to the conventional ones as a
result of changes in the damage initiation sites and the level of delamination present in the joint.

Keywords: composite joints; thin ply; single lap joints

1. Introduction

Composites usually consist of two main components known as the matrix, which
provides the cohesion of the material, and the reinforcement, such as fibres, which provides
the material with its strength and stiffness [1]. The use of carbon-fibre-reinforced polymer
(CFRP) materials in multiple industrial applications is continuously increasing [2-7], lead-
ing to the use of a vast range of composite materials for the design and manufacture of
high-performance composite products such as vehicle structures, sporting goods, etc. [2,8].
However, since the strength of the matrix is at least an order of magnitude lower than
the strength of the reinforcement, the loads applied in a perpendicular direction to the
reinforcement are almost exclusively carried by the low-strength matrix. This results in the
onset of delamination, which can lead to the rapid degradation of the mechanical perfor-
mance of the structure and cause premature failure [9-12]. Accordingly, multiple studies
have investigated methods for adhesive layer modification [13,14] or composite laminate
modification to delay delamination in a composite joint [15-17], such as the use of fibre
metal laminates (FML), composite laminates with toughened layers [18,19], glass fabric
reinforcement [20], the use of Z-pins [21,22], 3D weaving [23], stitching [23], braiding [24],
or even the adoption of additional thermoplastic inter-plies [25]. However, the significant
complexity of these techniques often restricts their usage. Furthermore, such methods
normally require the implementation of at least one additional production step [26,27] and
thus increase the costs associated to the production process.
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Recent advancements in composite manufacturing techniques have led to the devel-
opment of spread-tow technology [28], which results in flat and straight plies with a more
homogeneous fibre distribution and smaller resin-rich regions [29,30]. In this case, a dry
ply thickness as low as 0.02 mm can be achieved. Generally, plies with a thickness below
100 um are known as thin plies [31]. By reducing the thickness of a single layer, the number
of possible total layers and therefore the degrees of freedom in design are increased [32].
This also results in a larger number of interfaces in thin-ply laminates, lowering the shear
stresses [32,33]. Moreover, thin-ply laminates are known for their ability to delay the onset
of the matrix damage mechanisms and suppress transverse microcracking [31] and free
edge delamination [32,34] for static, fatigue, and impact loadings. Due to their superior
damage and delamination resistance, thin-ply laminates could exhibit higher interlaminar
shear properties [35] and strain energy [36] compared to conventional plies. Therefore,
thinner composite plies are acknowledged to have higher in situ transverse strength [33].
Nonetheless, the properties of the laminate can still rapidly deteriorate after the onset
of damage, leading to premature structural failure [11]. Thin plies are now seen as a
promising approach to improve the performance of adhesively bonded CFRP, mainly due
to their ability to enhance the off-axis performance of composites and postpone delamina-
tion [36]. Moreover, studies have shown that through the use of thin plies in a structural
joint, the damage location in the composite moves from the adhesive interface towards
the mid-thickness of the composite adherends [36], mainly due to the in situ effect [37].
Through-thickness reinforcement can effectively provide improved interlaminar strength
and delamination resistance while producing a more integrated composite structure [38].

A previous study by the authors [39] showed that replacing layers of a conventional
composite in a unidirectional laminate with layers of thin ply can increase the composite’s
strength under transverse tensile loading. The authors postulate that this is due to the
increase in laminate ductility, which could postpone the delamination under transverse
tensile loads. Moreover, experimental observation clearly demonstrated that the presence
of thin plies acts as a barrier against crack propagation. It was shown that the use of 25%
(corresponding to the optimum amount) thin ply per total thickness of the laminate (12.5%
on each top) increased the transverse tensile strength considerably. Figure 1a shows the
studied configuration for a reference conventional composite: thin ply and the optimum
hybrid laminate. Figure 1b illustrates the experimentally obtained failure loads for the
mentioned configurations.

(a}

(b)

® Thin-ply

Failure loal [KN]

® Hybrid (25% thin-ply )

o

Figure 1. (a) Schematic design for conventional composite, thin-ply, and hybrid (25% thin ply)
laminates and (b) summary of the experimentally obtained failure load for unidirectional reference
conventional composite, thin-ply, and hybrid (25% thin ply) laminates. Adopted from [39].



Materials 2023, 16, 4002

30f15

The current study seeks to further investigate this topic, quantifying the performance
of a hybrid composite single lap joint and analysing the effect of reinforcing the unidirec-
tional conventional composite adherend using thin ply. In this work, “HS 160 T700” and
“NTPT-TP415” are used as a conventional composite and thin-ply material, respectively.
The tests were recorded using a high-speed camera to determine the location of damage
initiation. Afterwards, the failure surface of specimens was analysed and measured via
image analysis, allowing for an accurate estimation of the delaminated area. It was found
that the use of hybrid single lap joints reinforced with thin-ply layers results in a consid-
erable increase in the joint strength compared to the reference conventional composite
joint. Numerical models were also created via cohesive zone modelling, allowing for the
accurately replication and description of the experimentally determined failure processes.

2. Experimental Details
2.1. Adhesive

The adhesive used in this work was an epoxy structural adhesive, supplied in film
form, with the commercial reference Scotch Weld AF 163-2k (3M, Saint Paul, MN, USA) [40].
The adhesive was cured following the manufacturer’s recommendations at 130 °C for 2 h.
The mechanical properties of the AF 163-2k adhesive are presented in Table 1.

Table 1. Main mechanical properties of “AF 163-2k” [41].

Mechanical Property Value
Young’s modulus [MPa] 1521.87
Shear modulus [MPa] 563.67
Tensile strength [MPa] 46.93
Shear strength [MPa] 46.93
GIC [N/mm] 4.05
GHC [N/mm] 9.77

2.2. Adherend
2.2.1. Conventional Composite

The materials used in the studied configurations were chosen to be representative of
a possible application within the aerospace sector. Accordingly, a unidirectional prepreg
carbon-epoxy composite with a ply thickness of 0.15mm was selected, with the commercial
reference Texipreg HS 160 T700 (Seal Spa, Legnano, Italy). This is an orthotropic material
whose mechanical properties are presented in Table 2. The elastic mechanical properties of
the conventional composite correspond to the orientation of a 0° composite ply (1 and 2 are
defined as the fibre and transverse directions). Moreover, the cohesive properties of the
conventional composite’s resin are presented separately in Table 3.

Table 2. Conventional composite mechanical properties [42].

Mechanical Property Value
Eq [MPa] 109,000

E; [MPa] 8819

G12 [MP a] 4315

Gp3 [MPa] 3200

U12 0.34

1%k} 0.38




Materials 2023, 16, 4002

40f 15

Table 3. Cohesive properties of conventional composite [43].

Property Value
Tensile strength [MPa] 25
Shear strength [MPa] 13.5
GIC [N/mm] 0.33
GIIC [N/mm] 0.79

2.2.2. Thin-Ply

A unidirectional, 0° oriented carbon—epoxy prepreg composite with a ply thickness of
0.075 mm was selected for use in this work, serving as the thin-ply material. This material
has the commercial reference NTPT-TP415 (North thin ply technology, Zory, Poland). The
elastic orthotropic and cohesive properties for the thin ply, characterised by the authors in
a previous work [44], are presented in Tables 4 and 5, respectively.

Table 4. Thin ply mechanical properties [44].

Mechanical Property Value
E; [MPa] 101,720

E; [MPa] 5680

G12 [MPa] 3030

Go3 [MPa] 3030

U12 0.38

U3 0.04

Table 5. Cohesive properties of the thin ply [44].

Property Value
Tensile strength [MPa] 35
Shear strength [MPa] 32
GIC [N/mm] 0.76
GHC [N/mm] 0.83

2.3. Single Lap Joint Manufacturing

Single lap joints (SLJs) were manufactured with the geometry shown in Figure 2. The
width for all specimens under consideration was set at 15 mm.

36 Alignment tab
.6 mm 0.2 mm P

| ! | | |
3.8 mm } i T |

25 mm 120 mm
15 mm T
' S x,
\\
25 mm

Ow:erlap area
Figure 2. Single lap joint geometry.

The manufacturing process for the reference conventional composite and thin-ply
adherends began with a layer-by-layer stacking of the conventional composite and thin-ply
prepregs respectively, until the desired adherend thickness was attained (3.6 mm). In
this case, 24 and 48 layers of conventional composite and thin-ply prepreg were used,
respectively. For the hybrid (25% thin ply) adherends, 6 plies of conventional composite
were replaced by 12 plies of thin ply on the adherend tops (6 layers of thin ply on each
adherend top). The joints were then bonded by applying an additional layer of adhesive
between the adherends. A mould was used to ensure the thickness of the adherends and
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adhesive. A mould-release agent was used to ensure easy debonding of the specimen from
the mould after curing. It was observed that the curing sequence, i.e., curing the adhesive
and substrate composite plies in one cure (co-curing) or in two separate cures, had no
significant effect on the mechanical properties of the joint for the AF163-2k adhesive. There-
fore, a one-step curing manufacturing method was preferred to simultaneous reducing
manufacturing time and energy usage. Accordingly, the joint was co-cured at 130 °C for
two hours, following the manufacturer’s recommended procedure. A schematic design of
the reference conventional composite, thin-ply, and hybrid (25% thin-ply) single lap joints
are shown in Figure 3.

Thin-ply
Conventional composite
Adhesive

(b)

(c)

Figure 3. Schematic design of (a) conventional composite, (b) thin-ply, and (c) hybrid (25% thin-
ply) joints.

2.4. Testing Condition

The SLJs were tested using an Instron 8801 servo hydraulic testing machine with a load
cell of 100 kN and at a constant crosshead speed of 1 mm/min. All tests were performed
under laboratory ambient conditions (room temperature of 24 °C, relative humidity of
55%). Four repetitions were performed for each configuration under analysis.

3. Experimental Results
3.1. Load—-Displacement Curve

Figure 4 shows representative, experimentally obtained load—displacement curves for
the studied configurations. The hybrid (25% thin ply) joint presented the highest failure
load, with an increase in joint strength of approximately 90% compared to the reference
conventional composite configuration.

3.2. Damage Initiation

A high-speed camera was used to record the specimens under load, seeking to de-
termine whether the damage initiation occurred first in the adhesive layer or within the
adherend. A Chronos 1.4 high speed camera was used, recording at 5000 frames per second.
Figure 5 presents the images at damage initiation for each configuration. The adhesive
and adherend boundaries were roughly defined by correlating the known specimen’s
dimensions and the equivalent image pixels. As can be seen in Figure 5, in the reference
conventional composite and the thin-ply, damage initiation occurred in the composite
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Adherend

Damage initiation

Adhesive layer

adherend. In contrast, for the hybrid (25% thin ply) joint, the damage initiation occurred in
the adhesive layer.

12 .

10
= -8
<
= 6 Conventional composite
{1
S . —Thin-ply

—Hybrid (25% thin-ply)
2
0

0 0.1 02 03 04 05 06 07
Displacement (mm)

Figure 4. Representative load-displacement curves for reference conventional composite, thin-ply,
and hybrid (25% thin ply) joints.

(a) (b) (c)

Figure 5. Damage initiation for (a) conventional composite, (b) thin-ply, and (c) hybrid (25% thin
ply) joints.

3.3. Delamination

Digital images of the failure surface were analysed in order to obtain the delamination
ratio for each configuration. The open-source software IC Measure was used to calculate the
delamination area for each joint. The delamination ratio is defined as the delamination area
divided by the total bonded area, as presented in Equation (1). It should be noted that the
total bonded area was constant and equal to 375 mm? for all configurations. Figure 6 pro-
vides representative images of the failure surface for all configurations. The representative
delamination area from Figure 6 and the average delamination area are presented in Table 6.
The reference conventional composite joint shown in Figure 6 presents delamination of
about 51%, while the hybrid (25% thin ply) configuration presents delamination of about
29%. In contrast, around 80% of the total area was observed to have suffered delamination
in the reference thin-ply joint.

Delamination area

Delamination ratio (%) = Total bonded area

M
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(c)

Figure 6. Representative images of failure surface of (a) reference conventional composite, (b) thin-ply,
and (c) hybrid (25% thin ply) joints.

Table 6. Representative and average delamination area.

Configuration Representative [mm?] Average [mm?]
Conventional composite 190.52 210.00 4= 32.75
Thin-ply 296.82 332.07 £ 39.65

Hybrid (25% thin ply) 110.83 128.20 £ 36.92
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3.4. Microscopic Images

The failure surfaces of the reference conventional composite and hybrid (25% thin ply)
joint were analysed using a ZEISS AXIOPHOT microscope. According to the microscopic
images presented in Figure 7, multiple fibre breakages [45] and fibre pull-outs [46] were
observed on the failure surface of the reference conventional composite failure surface.
These failure mechanisms were not observed in the failure surface of the hybrid (25% thin
ply) joint under analysis.

Fibre pull-out

-

" .
T—
—— U ——

\

-

Figure 7. Microscopic images of (a) conventional composite and (b) hybrid (25% thin ply) joints.

4. Numerical Study
4.1. Load—-Disploacement Curve

A two-dimensional statically loaded model was used to simplify the problem under
analysis and reduce the computational time. Boundary conditions were defined as shown
in Figure 8. The left end of the joint was fixed while a displacement was applied in the
right end to replicate the testing fixtures. A cohesive zone model (CZM) was used to
model the adhesive behaviour, employing four node elements: cohesive quadrilateral
elements. Non-linear geometrical effects were included. Solid cohesive elements following
triangular traction separation laws were applied to the adhesive layers of the model to
simulate damage evolution (damage initiation and propagation). Cohesive behaviour
was specified directly in terms of a traction-separation law, which has been shown to
be suitable to represent delamination in composite laminates [47]. Therefore, a similar
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(a)

(b)

CZM was introduced into the composite material (conventional composite or thin-ply) to
model delamination due to the experimental failure mode obtained. These interlaminar
cohesive element layers were placed in between elastic homogeneous sections (see Figure 9)
and effectively simulated the possible debonding between the plies of composite. The
CZM layers were placed at a distance of 0.15, 0.37, and 0.13 mm from the interface of the
adherend and adhesive layer for the conventional composite, thin-ply, and hybrid (25%
thin ply) joints, respectively. This distance roughly corresponded to the experimentally
measured distance of the delamination plane from the adhesive layer. The thickness of the
cohesive layer matched the thickness of one equivalent composite ply (0.075 mm for thin
ply and 0.15 mm for the conventional composite).

Figure 8. Boundary condition of simulated single lap joint.
Figure 9. Assigned mechanical properties for (a) conventional composite, (b) thin-ply, and (c) hybrid
(25% thin ply) joints.

. CONVENtional composite — Elastic
Conventional composite — Cohesive
Thin-ply — Elastic

s T hin-ply — Cohesive

Adhesive — Cohesive

Double and single biased mesh distributions were considered in the x direction (see
Figure 10) for the bondline and the adherends, respectively. The minimum and maximum
sizes for the mesh were considered 0.2 and 0.5 mm respectively. However, a uniform
mesh distribution with the size of 0.5 mm was considered for the end tabs (in the x
direction). Moreover, a uniform distribution through the mesh thickness (y direction) was
considered for all models with a mesh size of 0.2 mm. Figure 10 illustrates the mesh
distribution mentioned above. As a result, around 15,000 elements were generated for each
numerical model. Figure 11 presents the numerical load—displacement curves obtained
for all configurations. As shown, the numerical results are in good agreement with the
experimentally obtained load—displacement curves.
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4.2. Damage

The same model was used to determine the damage initiation and its propagation
mode for each configuration under analysis. According to the numerical results presented in
Figure 12, the damage for the reference conventional composite and thin-ply joint initiated
in the composite (conventional composite and thin-ply joints, respectively). For the hybrid
(25% thin ply) joint, damage initiation occurred in the adhesive layer. The loads at damage
initiation for the mentioned configurations were 3.6, 6.9, and 7.3 kN, respectively. It should
be noted that the damage generated in the configurations at the equivalent numerically
obtained failure loads illustrates that delamination is expected to be the final failure mode
for all configurations under analysis (see Figure 13).

[

Figure 10. Mesh distribution for numerical models.

12
10 /
8 _a‘/ - i . . ;
~ il " : —— Conventional composite — Experiment
5_, g i i —— Thin-ply — Experiment
kS 5 ‘ — Hybrid (25% thin-ply) — Experiment
= s =% 1 | | | - Conventional composite — Numerical
< <= Thin-ply — Numerical
2 | 1 N I Hybrid (25% thin-ply) — Numerical
0
0 0.1 0.2 03 0.4 0.5 0.6 0.7

Displacement (mm)

Figure 11. Comparison of numerically obtained load-displacement curves for conventional compos-
ite, thin-ply, and hybrid (25% thin ply) joints with the representative experimental results.
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SDEG
(Avg: 75%)

Max: 0.100
Elern: PART-1-1.5361
Mode: 31
m_]
12 12
10 10
g a | g 8 F=6.9 kN
Se| FF36kN 2
3, X
- | 2
(- o 7 ——
1] ol 02 03 04 05 06 07 o 0L 02 03 04 05 06 07 o 01 02 03 04 05 06 07
Displacememt (mm) Displacement (mm) Displacement (mm)

(a) (b)
Figure 12. SDEG at damage initiation for (a) conventional composite, (b) thin-ply and (c) hybrid (25%

thin ply) joints (equivalent loads for each configuration are 3.6, 6.9, and 7.3 kN, respectively).

SDEG
{Avg: 75%)

Max: 1.000
Elern: PART-1-1.6761

T @ =

i
@ )

Figure 13. SDEG at failure load for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin
ply) joints (equivalent loads for each configuration are 5.4, 9.2, and 10.0 kN, respectively).
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5. Discussion

The use of hybrid, adhesively bonded composite joints reinforced with thin plies
increases the tensile strength compared to that of reference joints manufactured using only
a conventional composite. Figure 14 presents the average failure load obtained for the
reference conventional composites, thin-ply, and hybrid (25% thin ply) single lap joints.
An increase of about 90% in the failure load was obtained for the hybrid (25% thin ply)
joints. Although similar failure loads were obtained for the hybrid (25% thin ply) and
reference thin-ply joint, it must be mentioned that the manufacturing process for a hybrid
(25% thin ply) joint costs less and is less time-consuming compared to the process of
manufacturing the reference thin-ply joint. Moreover, experimental observation illustrates
that the delamination ratio decreases considerably while using hybrid composite joints
reinforced with thin- ply compared to the reference conventional composite and thin-ply
single lap joint. The average delamination ratio obtained for this configuration can be found
in Figure 15. According to the numerical and experimental study, the damage initiation
location depends on the joint configuration. Damage first occurs in the adherend in the
reference conventional composite and thin ply, but it initiates in the adhesive layer for
the hybrid (25% thin ply) joint. The initiated damage propagates as a combination of
delamination and cohesive failure for all configurations, but a lower level of delamination
was obtained for the hybrid joint. A schematic representation of the mentioned failure
mechanism could be found in Figure 16.

10
S s _ _
oo ® Conventional composite
[
=]
@ 8 u Thin-ply
E
= 4 m Hybnd joint (25% thin-ply)
—_—

2

0

Figure 14. Average failure loads obtained experimentally for reference conventional composite,
thin-ply, and hybrid (25% thin ply) joints.

100
= 80
2
£ 60 ® Conventional composite
g ® Thin-ply
g 40 ® Hybrid (25% thin-ply)
2

20

0

Figure 15. Average delamination ratios for reference conventional composite, thin-ply, and hybrid
(25% thin ply) joints.
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References

= Thin-ply
e Conventional composite
— Adhesive
Crack path
— s
() (b) ()

Figure 16. Schematic representation of the failure mechanism for (a) reference conventional composite,
(b) thin-ply, and (c) hybrid (25% thin ply) joints.

6. Conclusions

This study investigated the mechanical performance of composite single lap joints
using toughened adherends reinforced with thin plies. A numerical and experimental study
was performed accordingly. The main conclusions drawn from this work are as follows:

e Anincrease of approximately 90% in the failure load was found for the hybrid joint
reinforced with thin ply when compared to the reference conventional composite joint.

e  According to the experimental observation, damage initiation occurs in the adherend
for the reference conventional composite and thin-ply joint, while for the hybrid (25%
thin ply) joint, damage initiation occurs in the adhesive layer.

e Damage propagates as a combination of delamination and cohesive failure for all
configurations. However, a more limited amount of delamination was obtained for
the hybrid joint.

e  Microscopic images of the bond line allowed for the identification of multiple fibre
breakages and fibre pull-outs on the failure surface of the reference conventional
composite configuration. In contrast, the fibres were still intact and well-aligned in the
failure surface of the hybrid joint.

e  The configurations under analysis were modelled numerically, and a good agreement
was obtained between the numerical and experimental results, allowing for a precise
representation of the damage initiation and failure processes.
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Abstract. This research aims to examine the tensile strength of a hybrid composite laminate reinforced by thin-plies when used as
an adherend in bonded single lap joints subjected to high-rate and impact loading. Two different composites, namely Texipreg HS
160 T700 and NTPT-TP415, are employed as the conventional and thin-ply composites, respectively. The study considers three
configurations: a conventional composite, a thin-ply, and a hybrid single lap joint. Numerical models of the configurations are
developed to provide insight into failure mechanisms and the initiation of damage. The results indicate a significant increase in
tensile strength for the hybrid joints over the conventional and thin-ply joints, due to the mitigation of stress concentrations.
Overall, this study demonstrates the potential of hybrid laminates for improving the performance of composite joints under high-
rate loading and impact conditions.

Keywords: Composite joints, thin-ply, single lap joints, high-rate loading, impact loading.

1. Introduction

In composites, two primary components are involved: the matrix and the reinforcement. The matrix offers the material
cohesion, while the reinforcement, usually in fibre form, provides strength and stiffness [1]. The utilization of carbon fibre-
reinforced polymer (CFRP) materials is experiencing continuous growth [2-6] in various industries, including those manufacturing
vehicle structures, sporting goods, etc [7]. However, despite their numerous benefits, bonding composites faces a critical issue,
arising from the likelihood of the presence of defects in the adhesive layer, taking the form of voids or debonding [8, 9]. Generally,
studies have shown that the presence of an imperfection such as a void or a debond in the overlap region will cause an increase in
the value of interfacial shear stress in the regions close to the imperfection. This increase depends on the length and, especially,
location of the defect [10, 11]. On the other hand, the significant disparity between the strength of the reinforcement and the matrix
means that the loads applied perpendicularly to the reinforcement are predominantly borne solely by the low-strength matrix,
resulting in the development of matrix cracks and subsequent delamination. Delamination can cause rapid degradation in the
mechanical performance of the structure and lead to premature failure [12-16]. Several research studies have explored methods to
modify joints in order to mitigate delamination in adhesively bonded composite joints [17-29]. However, the implementation of
these methods usually necessitates at least one extra production step, which, in turn, leads to increased production costs. Moreover,
the intricate nature of these techniques often constrains their practical application [30, 31].

The spread-tow technique has emerged as a result of recent advances in composite manufacturing technology [32] which results
in plies with a more homogeneous fibre distribution and smaller resin-rich regions [33], allowing achieve a dry ply thickness as low
as 0.02 mm. Typically, plies with a thickness of less than 100 pm are referred to as thin-plies [34]. Reducing the thickness of an
individual layer expands the number of feasible layers, increasing the degrees of freedom in design [35], while it also results in a
larger number of interfaces in thin-ply laminates, lowering the shear stresses [35, 36]. Furthermore, thin-ply laminates are
recognized for their capacity to postpone the initiation of matrix damage mechanisms, suppress transverse microcracking [32] and
free edge delamination [35, 37] for static, fatigue, and impact loadings. Due to their exceptional resistance to damage and
delamination, thin-ply laminates could potentially display elevated interlaminar shear properties [38] and strain energy [39]
compared to conventional plies. Consequently, thinner composite plies are recognized to possess superior in situ transverse
strength [36]. Use of thin-plies is currently regarded as a promising strategy to enhance the performance of adhesively bonded CFRP
structures, primarily because of the capability to improve the off-axis properties of composites and delay the onset of delamination
[39]. Additionally, research has indicated that the incorporation of thin-plies in a structural joint results in a shift of the damage
location in the composite from the adhesive interface towards the mid-thickness of the adherends [39], mainly due to the in-situ
effect [40].
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In a previous study conducted by the authors [41], it was demonstrated that substituting conventional composite layers with
thin-ply layers in the adherends of a single lap joint can significantly enhance the strength of the composite joint, as well as improve
the failure mode (by reducing delamination) under static loads. The authors attribute this change to the improved ductility of the
laminate, which can delay delamination [42]. Moreover, experimental observation clearly demonstrated that the presence of thin-
plies acts as a barrier against crack propagation.

In summary, the study aims to investigate the performance of a hybrid (25% thin-ply) composite single lap joint reinforced with
thin-ply layers under high-rate and impact loads. Two types of materials were considered to create the hybrid (25% thin-ply) joint:
a conventional composite (HS 160 T700) and a thin-ply material (NTPT-TP415). Numerical models were also created using cohesive
zone modelling to accurately replicate the experimentally determined failure processes.

2. Experimental Details
2.1. Adhesive

The adhesive used in this work was an epoxy structural adhesive, supplied in film form, with the commercial reference Scotch
Weld AF 163-2k (3M, Saint Paul, Minnesota, USA) and the following properties: Young’s modulus (E)=1.5 GPa, shear modulus (G)=0.6
GPa, tensile strength (0)=46.9 MPa, shear strength (7)=46.8 MPa, fracture energy (Gic= 4.05and Guc=9.77 N/mm) [43]. Morgado et al.
[43] characterized the mechanical properties of AF 163-2k is under quasi-static (1 mm/min) and impact loading conditions (3 m/s).
The mechanical properties at high-rate (0.1 m/s) and impact loading (2 m/sec) were calculated using a linear extrapolation.The
adhesive was cured following the manufacturer's recommendations, at 130°C for 2 hours.

2.2. Adherend
2.2.1. Conventional Composite

The materials used in the studied configurations were selected in order to be representative of a possible application within the
aerospace sector. Accordingly, a unidirectional prepreg carbon-epoxy composite with a ply thickness of 0.15 mm was selected, with
the commercial reference "Texipreg HS 160 T700" (Seal Spa, Legnano, Italy) and the following properties: Young’s modulus (E1=109.0
and E»=8.8 GPa), shear modulus (Gi12=4.3 and Gi13=3.2 GPa), fracture energy (Gic= 0.6 and Guc=1.2 N/mm) [44, 45]. Morgado et al. [46]
presented the mechanical properties of the cured prepreg under static (Imm/min) and impact loading conditions (3 m/s). The
mechanical properties at high-rate (0.1 m/s) and impact loading (2 m/sec) were calculated using a linear extrapolation.

2.2.2. Thin-Ply

A unidirectional 0° oriented carbon-epoxy prepreg composite with a ply thickness of 0.075mm was selected for use in this work,
serving as the thin-ply material. This material has the commercial reference "NTPT-TP415" (North thin-ply technology, Poland) and
the following properties: Young’s modulus (Ei=101.7 and E»>=5.7 GPa), shear modulus (G12=3.0 and G13=3.0 GPa),fracture energy (Gic=
0.7 and Guc=0.8 N/mm) [47]. The mechanical properties at high-rate (0.1 m/s) and impact loading (2 m/sec) were calculated using
a linear extrapolation.

2.3. Single Lap Joint Manufacturing

The manufacturing process for the single lap joints involved layer-by-layer stacking of conventional composite and thin-ply
prepregs to achieve the desired adherend thickness of 3.6mm. The reference conventional composite adherends consisted of 24
layers, while the thin-ply adherends consisted of 48 layers. For the hybrid adherends (25% thin-ply), 6 plies of conventional
composite were replaced by 12 plies of thin-ply on the adherend tops (6 layers of thin-ply on each adherend top), resulting in a 25%
thin-ply composition. An additional layer of adhesive was then applied between the adherends. A mould was used to ensure the
thickness of the adherends and adhesive. To facilitate easy detachment of the specimens from the mould after curing, a release
agent was applied. The effect of curing sequence on the mechanical properties of the joint was investigated by comparing the
performance of joints were the composite and the adhesive were cured together (co-cured) with the joints were curing occurred
separately. It was found that, for the AF163-2k adhesive used in this study, the curing sequence had no significant impact on the
mechanical properties of the joint. As a result, a one-step curing process was selected as the preferred method of manufacturing,
allowing for a reduction in both the manufacturing time and energy consumption. The joint was cured at 130°C for 2 hours following
the manufacturer’s recommended procedure. Single lap joints (SLJs) were manufactured with the geometry shown in Fig. 1.

25 mm
[ [ E '15 mm
25 mm | Overlap area
3.6 mm| e — '
3.8 mmt| I 5 — !
Alignment tab { 120 mm k
B
s Thin-ply h
Conventional composite ¥
Adhesive 0.2 mm| I
B

Fig. 1. Schematic design of single lap joint with (a) conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) adherends.
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(a)

Fig. 2. (a) Intact, (b) failed specimen in servo hydraulic testing machine.

(b)

Anvil-impactor
subsystem

Specimen

Impact surface

Grip

Specimen fixing
structure

Fig. 3. Drop wight machine.

2.4. Testing Condition

The SLJs were tested at two different constant crosshead speeds of 0.1 and 2 m/sec known as the high-rate and impact loading
condition. An Instron 8801 servo hydraulic testing machine with a load cell of 100 kN for the high-rate loading. Figure 2 provides
an image of the intact and damaged specimen in the servo hydraulic testing machine. An in-house developed drop-weight testing
machine was used to carry out impact tests on the specimens [48]. This machine grips the upper part adherend, leaving the lower
portion free. A mass is then dropped from a specific height, causing an impact on the lower part of the grip and loading the
specimen in tension-shear. The impact velocity is determined by the drop height, which follows the principle of energy
conservation. For the impact tests in this study, a 50 kg mass and an impact velocity of 2 m/s were chosen, resulting in an impact
energy of 100 J. Figure 3 presents an image of an intact specimen in the drop weight testing machine. It has to be mentioned that
the rising time of the impactor from the stationary station was about three seconds, considering the speed, mass, and stationary
state mentioned above. All tests were performed under laboratory ambient conditions (room temperature of 24°C, relative humidity
of 55%). Four repetitions were performed for each configuration under analysis.

3. Experimental Result
3.1. High-Rate Loading

Figure 4 illustrates representative experimentally obtained load-displacement curves for the studied configurations under high-
rate loading. The hybrid (25% thin-ply) joint presented the highest failure load, with around an 25% increase in joint strength
compared to the reference conventional composite configuration. Figure 5 provides representative images of the failure surface for
all configurations. As seen, delamination is the dominant failure mode observed in all tested composite single lap joint
configurations.
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Fig. 4. Representative load-displacement curves for reference conventional composite, thin-ply and hybrid (25% thin-ply) joint under high-rate loading.
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Fig. 5. Representative images of failure surface of (a) reference conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint under high-
rate loading.
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Fig. 6. Representative load-displacement curves for reference conventional composite, thin-ply and hybrid (25% thin-ply) joint under impact loading.
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Delamination

Delamination

Cohesive failure

Delamination

Cohesive failure

Fig. 7. Representative images of failure surface of (a) reference conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint under impact
loading.

Conventional composite
Adhesive

Fig. 8. Boundary condition of simulated conventional composite single lap joint.

3.2. Impact Loading

Figure 6 provides representative load-displacement curves for the configurations tested experimentally under impact loading.
The hybrid (25% thin-ply) joint presented the highest failure load, with around an 50% increase in joint strength compared to the
reference conventional composite configuration. Figure 7 provides representative images of the failure surface for all configurations.
For the reference joints with conventional composite full delamination was observed. In contrast, for reference joints with thin-ply
and the hybrid (25% thin-ply) joints, partial cohesive failure was also observed in addition to the most dominant delamination
failure mode.

4. Numerical Study

For high-rate and impact loading, a 2D explicit and 3D implicit dynamically loaded model was employed, using the Abaqus/CAE
6.14-2 commercial finite element package respectively. The boundary conditions were established as depicted in Fig. 8, where the
left end of the joint was fixed and an amplitude of displacement was applied to the right end to mimic the dynamic loading
conditions. A displacement of 1 and 2 mm was applied to the numerical models as described above for high-rate and impact loading
respectively. The mention displacement was chosen based on experimental results in order to make sure the failure occurred. In
order to simulate the high-rate and impact loading an amplitude of 0.01 and 0.001 was applied to the numerical models, respectively.

To model the behaviour of the adhesive and simulate damage evolution, a cohesive zone model (CZM) was employed, using
four node cohesive quadrilateral elements. Non-linear geometrical effects were considered, and solid cohesive elements were used
to represent damage evolution (damage initiation and propagation), following a traction-separation law. CZM was also introduced
into the composite material to model delamination, and the interlaminar cohesive element layers (conventional composite or thin-
ply) were placed between elastic homogeneous sections [49].

The mechanical properties assigned to these numerical models are shown in Fig. 9, with CZM layers placed at different distances
for high-rate loading and impact loading. The distance from the interface of the adherend and adhesive layer varied depending on
the joint configuration and loading type. The CZM layers were placed at a distance of 0.17, 0.15, and 0.28 mm from the interface of
the adherend and adhesive layer for the conventional composite, thin-ply, and hybrid (25% thin-ply) joints under high-rate loading,
respectively. Similarly, for impact loading, CZM layers were placed at a distance of 0.20, 0.30, and 0.45 mm from the interface of the
adherend and adhesive layer for the mentioned configurations. This distance roughly corresponded to the experimentally
measured distance of the delamination plane from the adhesive layer. The thickness of the cohesive layer matched the thickness
of one equivalent composite ply (0.075 mm for thin-ply and 0.15 mm for the conventional composite).
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Conventional composite — Elastic
Conventional composite — Cohesive

(a) Thin-ply — Elastic
Thin-ply — Cohesive
Adhesive — Cohesive

(b)

(©)

Fig. 9. Assigned mechanical properties for (a) conventional composite, (b) thin-ply, and (c) hybrid (25% thin-ply) joints for high-rate loading.
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Fig. 10. Mesh distributions for single-lap joint.

(a) (b) (c) (d)

Fig. 11. Mesh distributions for single-lap joints with minimum and maximum mesh size of (a) 0.1 and 0.2 mm, (b) 0.2 and 0.5 mm,
(c) 0.5 and 1 mm and (d) 1 mm, respectively.

ﬁ‘rﬁ, Journal of Applied and Computational Mechanics, Vol. 10, No. 2, (2024), 260-271



266  Farin Ramezani et al., Vol. 10, No. 2, 2024

Additionally, a mesh convergency study was performed for the reference conventional composite single lap joint under high-
rate loading in order to study the effect of mesh size on the numerically obtained failure load. The mesh size in the thickness
direction (y direction-see Fig. 10) is restricted to the thickness of the cohesive layer. This is because a cohesive model zone analysis
allows the use of only a row of cohesive elements in the cohesive layer. Therefore, elements size of 0.2 mm (thickness of the cohesive
layer was considered for the thickness direction. However, the effect of mesh size in the x direction was studied. Double and single
biased mesh distributions were considered in the x direction (see Fig. 10) for the bondline and the adherends, respectively.
Accordingly, the minimum mesh size of 0.1, 0.2, 0.5 and 1 mm was considered to study the effect of mesh size on the numerical
result. The detailed mesh size was presented in Fig. 11. According to the results presented in Fig. 12, the minimum mesh size of 0.2
could validate the finite element findings for the purpose of comparison with the experimental results additional to minimizing
the computational cost of the numerical models. Consequently, the minimum and maximum sizes for the mesh were considered
0.2 and 0.5 mm respectively for the bondline and the adherends. End tabs were meshed uniformly with a size of 0.5 mm in the x
direction, and the mesh was uniform through the thickness (y direction) with a size of 0.2 mm for all components. The same mesh
size was used for all numerical models. The resulting mesh consisted of approximately 15,000 elements for 2D models and 75,000
elements for 3D models.

------- Experiment

4 ——  Numerical

Failure load (kN)

0 0.5 1 1.5
Mesh size (nun)

Fig. 12. Effect of mesh size on the numerically obtained failure load in comparison with the experimentally obtained result for the reference
conventional composite single lap joint under high-rate loading.
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Fig. 13. Comparison of numerically obtained load-displacement curves for (a) conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint
with the representative experimental results under high-rate loading.
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Fig. 14. SDEG at damage initiation for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under high-rate loading (equivalent
load for each configuration is 6.8, 6.9, and 7.0 kN, respectively).
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Fig. 15. SDEG at corresponding failure load for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under high-rate loading.

4.1. High-Rate Loading

The load-displacement curves obtained numerically for all configurations under high-rate loading are presented in Fig. 13. As
seen, there is a good match between the numerical and the experimentally obtained load-displacement curves. Figure 14 illustrates
the damage initiation for each configuration. The presented area is shown within by the black square in single lap joint. The
equivalent load for damage initiation (load in which damage initiation occurs) for the reference conventional composite, reference
thin-ply and the hybrid (25% thin-ply) single lap joints was 6.8, 6.9, and 7.0 kN respectively. It should be mentioned that the damage
initiation occurs at a higher level of load for the hybrid (25% thin-ply) compared to the both conventional composite and thin-ply
reference single lap joint. Additionally, as seen in Fig. 14, the stiffness degradation was more objective in the both conventional
composite and thin-ply reference single lap joint compared to the hybrid (25% thin-ply). However, damage initiation was shown to
occur in the adhesive layer for all configurations. Figure 15 illustrates the damage state for all configurations at their corresponding
failure load. As seen, the final failure mode is known to be delamination for all configurations which is in line with the
experimentally obtained result.

4.2. Impact-Loading

The numerical load-displacement curves, obtained for all configurations under impact loading, are presented in Fig. 16 and
compared with the equivalent experimentally obtained load-displacement for each configuration. Figure 17 illustrates the damage
initiation for each configuration. The presented area is shown within the black square in the single lap joint. The equivalent load
of damage initiation for the reference conventional composite, reference thin-ply and the hybrid (25% thin-ply) single lap joints
were 6.7, 5.3, and 5.6 kN respectively which was cited in the adhesive layer. However, the final failure was illustrated as delamination
as seen in Fig. 18.
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Fig. 16. Comparison of numerically obtained load-displacement curves for (a) conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint
with the representative experimental results under impact loading.
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Fig. 17. SDEG at damage initiation for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under impact loading (equivalent
load for each configuration is 6.7, 5.3 and 5.6 kN, respectively).
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Fig. 18. SDEG at corresponding failure load for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under impact loading.
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Fig. 19. Comparison of the experimentally obtained failure load for conventional composite, thin-ply and hybrid (25% thin-ply) single lap joint under
high-rate and impact loading with ones obtained statically loaded.
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Fig. 20. von Mises stress distribution through the adherend thickness (a) under high-rate loading at 5 kN and (b) under impact loading at 11.5 kN.

5. Discussion

The use of hybrid (25% thin-ply) composite joints reinforcement with thin-plies has demonstrated a remarkable enhancement
in the tensile strength of up to 90%, compared to conventional composite joints under static loading conditions. This study
conducted an investigation of the performance of hybrid joints incorporating 25% thin-plies under high-rate and impact loading.
Figure 19, illustrate the average failure load of conventional composite joints, thin-ply joints, and hybrid (25% thin-ply) single lap
joints under static, high-rate, and impact loading conditions. These findings suggest that hybrid (25% thin-ply) single lap joints
exhibit superior tensile strength not only under static loading but also under high-rate and impact loading conditions compared to
conventional composite joints. This is mainly due to higher ductility conferred to the material by the presence of thin-plies
[42]. Thin-ply materials are also known to have higher resistance to crack propagation which is mainly know to be due to the more
uniform fibre distribution and less resin-rich and fibre-rich area in the thin-pies [42]. In the previous study [41], it was shown that
for hybrid (25% thin-ply) single lap joints more limited amount of delamination was obtained compared to the reference ones under
static loading. As seen in Fig 19 the thin-ply and hybrid (25% thin-ply) display almost the same strength under both static and high-
rate loading (about 10 kN). This is while a considerable increase was observed in the joint strength for the reference thin-ply when
increasing the cross-head speed up to 2 m/sec. It could be concluded that thin-ply materials preform even better under impact
loading. Therefor when combining thin-ply with the conventional composite which is known to have more brittle behavior
compared to the thin-ply (higher strength but premature failure is expected for the conventional composite), tensile resistance of
the hybrid composite joint could be increased compared to both reference conventional composite and thin-ply single lap joints.
However, it should be noted that the manufacturing process for the former is less expensive and time-consuming. In addition, all
configurations have shown delamination to be the dominant failure mode, both under high-rate and impact loads. The numerical
analysis and study revealed that damage initiation takes place in the adhesive layer and propagates through the adherend as
delamination, which aligns with the experimental observations.

Since delamination is the predominant failure mode across all configurations, the equivalent von Mises stress was analysed
through the adherend thickness at 5 and 11.5 kN for the high-rate and impact models respectively in order to gain a deeper
understanding of the mechanism responsible for the increased tensile strength of hybrid (25% thin-ply) single lap joints. The path
for which the von Mises stress was obtained was shown in Fig. 20. As depicted in Fig. 20, the composite adherends of thin-ply and
hybrid (25% thin-ply) joints were found to experience lower levels of equivalent von Mises stress at a constant load level during
high-rate and impact loading compared to the reference conventional composite single-lap joint. This could be explained by the
ductile behavior of the thin-ply composite compared to the conventional one [42] which induces a lower level of stress to the
adherends. This study highlights that hybrid (25% thin-ply) composite joints have the potential to be an effective solution for
increasing structural integrity under different loading conditions.
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6. Conclusion

The performance of hybrid (25% thin-ply) composite single lap joints under high-rate and impact loading was studied and
compared to the static response. Overall, hybrid (25% thin-ply) composite joints were found to be a promising solution for enhancing
the structural strength. In conclusion, it was observed that:

¢ Theuse of hybrid (25% thin-ply) composite joints reinforced with thin-plies exhibit higher tensile strength than conventional

composite joints under all loading conditions.

e Delamination is the dominant failure mode across all configurations for high-rate and impact loads.

e The developed numerical models, using cohesive zone modelling, were found to be in a good agreement with the

experimental results for both high-rate and impact conditions.

e Numerical analysis revealed that the damage initiates in the adhesive layer and propagates in the composite adherends as

delamination which is in line with the experimental observation.

¢ The analysis of equivalent von Mises stress through the adherend thickness at a constant load revealed that hybrid (25%

thin-ply) joints experience lower stress levels during high-rate and impact loading.
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Abstract

The use of composite materials has been continuously increasing, hinged on its multiple
advantages such as their high strength-to-weight ratio. However, this type of material is
known for its anisotropic properties that may lead to premature failure of the composite
laminate, stemming from the delamination of the adherend in an adhesively bonded
composite joint. This study aims to study the effect of adherend thickness in uni-
directional (UD) hybrid composite single lap joints reinforced by thin-ply and investigate
the joint strength and failure mode. Tensile tests were carried out to evaluate the
parameters mentioned experimentally, and numerical models were developed to
reproduce the joint behavior. Experimental results show that adherend thickness has a
minor effect on the joint strength in hybrid composite joints reinforced by thin-ply.

However, a considerable change in the failure mode was observed.

Keywords:

Adhesive bonding, Cohesive zone modeling, Thin-ply, Single lap joints, Hybrid

composite laminates.



1. Introduction

The utilization of composite materials within the field of mechanical engineering,
particularly in the production of automotive, aeronautical, and aerospace components and
structures, has exhibited a consistent upward trajectory in recent times [1]. This upward
trajectory is projected to persist, primarily due to the inherent advantages offered by these
materials, including enhanced performance characteristics and their ability to maintain a
lightweight profile when compared to traditional metallic materials [2, 3]. These attributes
align well with the pressing need for increased efficiency and reduced weight, both of

which are pivotal in curbing energy consumption in aircraft and automobile operations.

Composite materials are widely acknowledged for their distinct structural properties,
characterized by their anisotropic mechanical behavior. These materials exhibit varying
degrees of strength in different directions, with one orientation typically demonstrating
significant strength while other orientations may exhibit lower strength and even
brittleness. Among the frequently employed composite materials in this field, carbon
fiber-reinforced plastic (CFRP) stands out. When subjected to loads perpendicular to the
fiber direction, CFRP is known to exhibit a specific response - delamination, a
phenomenon in which the layers within the composite begin to separate. This
delamination can lead to premature failure of the composite structure [4]. Numerous
research endeavors have explored techniques aimed at modifying joints to mitigate
delamination in adhesively bonded composite joints [5-8]. However, the incorporation of
these techniques often necessitates an additional production step, resulting in increased
production costs. Moreover, the intricate nature of these methods often limits their

practical application [9, 10].

In recent times, the introduction of advanced spread tow techniques has ushered in the
production of thinner plies with a more uniform fiber distribution and reduced resin-rich
regions, which deviates from conventional methods [11]. This results in plies
characterized by a more homogenous fiber distribution and smaller resin-rich regions
[11], allowing for the achievement of a remarkably thin ply thickness, as low as 0.02 mm.
Generally, plies with a thickness of less than 100 pm are referred to as thin-plies [12].
The reduction in the thickness of individual layers significantly increases the number of
potential layers within a given plate thickness, thereby expanding the design possibilities
[13], Additionally, it results in a greater number of interfaces in thin-ply laminates, which,

in turn, reduces shear stresses [13, 14]. Furthermore, thin-ply laminates are renowned for



their ability to postpone the initiation of matrix damage mechanisms, suppress transverse
microcracking[14] and minimize free edge delamination [13, 15] under static, fatigue,
and impact loads. Due to their exceptional resistance to damage and delamination, thin-
ply laminates have the potential to exhibit elevated interlaminar shear properties [16] and
strain energy [17] in comparison to conventional plies. Consequently, thinner composite

plies are recognized for their superior in situ transverse strength [14].

In a previous study conducted by the authors [18], it was demonstrated that substituting
conventional composite layers with thin-ply layers in the adherends of a single lap joint
can significantly enhance the strength of the composite joint, as well as improve the
failure mode (by reducing delamination) under static loads. The authors attribute this
change to the improved ductility of the laminate, which can delay delamination [19].
Moreover, experimental observation clearly demonstrated that the presence of thin-plies

acts as a barrier against crack propagation.

The present study delves into the influence of adherend thickness in hybrid single lap
joints (SLJs) reinforced with thin-ply layers. In order to gain a deeper insight into how
adherend thickness impacts the strength and failure characteristics of hybrid single lap
joints strengthened with thin-ply materials, a series of experimental tests were conducted.
Specifically, hybrid single lap joints, where 25% of the total adherend thickness was
composed of thin-ply material, referred to as "hybrid (25% thin-ply) [18]," were
fabricated and examined. The adherend thicknesses considered for these joints were 3.0
mm, 3.6 mm, and 4.0 mm. The experimental results indicate that the thickness of the
adherend has a limited impact on the overall strength of hybrid composite joints

reinforced with thin-plies. However, a noteworthy change in the failure mode was readily

apparent.
2. Experimental Details
2.1.  Adhesive

The adhesive utilized in this study was an epoxy structural adhesive, provided in film
form, under the commercial designation Scotch Weld AF 163-2k (3M, Saint Paul,
Minnesota, USA), possessing the following material properties: Young's modulus (E) of
1.5 GPa, shear modulus (G) of 0.6 GPa, tensile strength (o) of 46.9 MPa, shear strength



(t) of 46.8 MPa, and fracture energy (Gic = 4.05 and Guic = 9.77 N/mm) [20]. The curing
process for the adhesive adhered to the manufacturer's recommendations, involving

heating at 130°C for a duration of 2 hours.

2.2.  Adherend
2.2.1. Conventional Composite

The selection of materials for the configurations under investigation was undertaken with
great care to ensure their suitability for possible aerospace applications. Accordingly, a
unidirectional prepreg carbon-epoxy composite featuring a ply thickness of 0.15 mm was
meticulously chosen, bearing the commercial designation "Texipreg HS 160 T700" (Seal
Spa, Legnano, Italy). This material boasts the following crucial properties: Young's
modulus (E1 = 109.0 and E> = 8.8 GPa), shear modulus (G12> = 4.3 and G13 = 3.2 GPa),
and fracture energy (Gic = 0.6 and Giic = 1.2 N/mm) [21, 22]. These selections were made
with the primary objective of aligning the study with potential applications within the

aerospace sector.
2.2.2. Thin-Ply

In the context of this investigation, a carefully chosen thin-ply material was employed,
specifically a unidirectional carbon-epoxy prepreg composite with a ply thickness of
0.075mm, oriented at 0°. This particular material is denoted by the commercial reference
"NTPT-TP415" and is sourced from North Thin-Ply Technology, Poland. It possesses the
following material properties: Young's modulus (Ex = 101.7 and E> = 5.7 GPa), shear
modulus (G2 = 3.0 and Gi3 = 3.0 GPa), and fracture energy (Gic = 0.7 and Gyc = 0.8
N/mm) [23]. The choice of this material aligns seamlessly with the research objectives

and its potential applications.
2.3.  Single Lap Joint Manufacturing

The fabrication process for creating the single lap joints involved a meticulous layer-by-
layer assembly, combining both traditional composite and thin-ply prepregs to achieve
the desired thickness of the adherends. In the case of the hybrid single lap joint, which
incorporated 25% thin-ply material and had an adherend thickness of 3.6 mm, 18 plies of
conventional composite were combined with 12 plies of thin-ply material on the adherend

tops (equivalent to 6 layers of thin-ply on each adherend top, as depicted in Fig 1). This



combination resulted in a composite composition consisting of 25% thin-ply material. To
facilitate bonding, an additional layer of adhesive was applied between the adherends.
The single lap joints (SLJs) were manufactured according to the geometry illustrated in
Fig 2.

Thin-ply
= (Conventional composite
—  Adhesive

Fig 1. Scheme design of hybrid (25% thin-ply) single lap joint
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Fig 2. Schematic design of the manufactured specimens

Alignment tab 120 mm

A mold was employed to ensure the thickness of the adherends and adhesive, and to
enable easy removal of the specimens from the mold after curing, a release agent was
applied. Fig 3 shows the manufactured specimens before the curing process. The study
also investigated the effect of the curing sequence on the mechanical properties of the
joints by comparing joints where the composite and adhesive were cured simultaneously
(co-cured) with joints where these components were cured separately. The results
indicated that, in the case of the AF163-2k adhesive used in this study, the curing
sequence did not significantly influence the mechanical properties of the joints.
Consequently, a one-step curing process was adopted as the preferred manufacturing
method, offering benefits such as reduced production time and energy consumption. The
joint assemblies were cured at 130°C for a duration of two hours, following the

manufacturer's recommended procedure.



Adhesive layer
Adherend

Fig 3. Manufactured specimens before the curing process

2.4.  Testing Condition

The single lap joints (SLJs) underwent testing in an Instron 8801 servo hydraulic testing
machine, equipped with a 100 kN load cell. The tests were conducted at a constant
crosshead speed of 1 mm/min. It's important to note that all tests were carried out under
controlled laboratory environmental conditions, with a room temperature of 24°C and a
relative humidity of 55%. For each configuration under analysis, the testing process was
repeated four times to ensure data consistency and reliability. Fig 4 presents the intact and

damaged specimen in testing machine.

(a)

(b)

Fig 4. (a) Intact, (b) failed specimen in testing machine



3. Numerical details

Numerical models employing the finite element method and utilizing Abaqus software
were created to simulate the behavior of the configurations under investigation. To
streamline the problem and minimize computational time, two-dimensional (2D) static
load models were generated. The boundary conditions were set up as illustrated in Fig 5,
with the left end of the joint being fixed, while a displacement was applied to the right
end to replicate the loading conditions. Specifically, a displacement of 1 mm was imposed
on the numerical models, a value determined based on experimental findings to ensure
the occurrence of failure.

Composite
Adhesive

Fig 5. Boundary condition of simulated single lap joints

To model the adhesive behavior, cohesive zone modeling (CZM) was employed, utilizing
four-node elements (cohesive quadrilateral elements). The simulation also took into
account nonlinear geometric effects. Solid cohesive elements, governed by traction-
separation laws, were applied to the adhesive layer in all models to replicate the evolution

of damage, including its initiation and propagation.

Cohesive behavior was precisely defined using a traction-separation law, which has been
demonstrated to effectively represent delamination in composite laminates. A similar
CZM based approach was incorporated into the composite materials, whether they were
conventional or thin-ply composites, to simulate delamination consistent with the

experimental failure mode observed (refer to Fig 6).

The CZM layers were positioned at specific distances from the adherend-adhesive

interface, depending on the thickness of the adherends (3.0, 3.6, or 4.0 mm). These



distances approximately matched the experimentally measured position of the
delamination plane from the adhesive layer. Notably, the thickness of the cohesive layer
corresponded to that of a single equivalent composite ply (0.075 mm for thin-ply and 0.15

mm for the conventional composite).

Conventional composite — Elastic
Thin-ply — Elastic

Thin-ply — Cohesive

Adhesive — Cohesive

Fig 6. Representative experimentally obtained load-displacement curves for

A biased mesh distribution was applied to all the models, with a more refined mesh
located near the edges of the overlap, with less detail near the extreme ends of both
adherends, making the model lighter to process. Double and single biased meshed were
applied in the x direction to the bondline and the adherend respectively, with seed size
ranging from 0.2 mm to 0.5 mm (see Fig 7). On the extreme ends of the adherends and
the end tabs, a mesh with 0.5 mm was implemented mm in the x direction. The mesh was
uniform through the thickness (y direction) with a size of 0.2 mm for all configurations.

The resulting mesh consisted of approximately 15,000 elements.

L.

Fig 7. Mesh distributions for single lap joint



4. Results

Manufactured specimens were submitted to uniaxial tensile tests. Fig 8 and 9 presents a
representative experimentally obtained load-displacement curve and obtained failure
mode for the mentioned configurations respectively. The results of the experiments reveal
that the increase of the adherend thickness results in a venial increase in the joint strength
of the hybrid composite joints that have been enhanced with thin-ply reinforcement.
Nevertheless, a significant modification in the failure mode was observed. The failure
mode changes from a full delamination failure surface of the composite joint with 3.0 mm
adhered thickness to partial delamination when increased up to 4.0 mm. Fig 8 also
presents the numerically obtained load-displacement curve for the mentioned
configurations. As seen the increase in the adherend thickness from 3 to 3.6 mm does not
affect the tensile strength of the composite joint, this is while the increase of the adhered
thickness from 3.6 mm to 4 mm of the hybrid (25% thin-ply) composite single lap joint
leads to a slight increase in the tensile strength of the composite joint.
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Conventional composite-3.6 mm-Experimental [18]
——Hybrid (25% thin-ply)-3.0 mm-Numerical
=== Hybrid (25% thin-ply)-3.0 mm-Experimental
—Hybrid (25% thin-ply)-3.6 mm-Numerical
-~ Hybrid (25% thin-ply)-3.6 mm-Experimental
—Hybrid (25% thin-ply)-4.0 mm-Numerical

=== Hybrid (25% thin-ply)-4.0 mm-Experimental

Fig 8. Representative experimentally obtained load-displacement curve for reference

conventional composite, hybrid (25% thin-ply) single lap joint with 3.0, 3.6, and 4.0

(a)

(b)

(©)

(d)

mm adherend thickness and related numerical models

Delamination
Delamination
Cohesive failure

Delamination

Delamination

Cohesive failure

Delamination

Cohesive failure

Fig 9. Failure surface of (a) reference conventional composite with the adherend
thickness of 3.6 mm [18] and hybrid (25% thin-ply) single lap joint with (b) 3.0, (c) 3.6

and (d) 4.0 mm adherend thickness



Fig 10 presents a comparison between the numerical and experimentally obtained results.
As seen, the numerical and experimentally obtained results are in a good agreement. The
experimental result obtained by the authors in the previous study was presented [18]. As
seen the use of hybrid (25% thin-ply) single lap joints could increase the failure load up
to 90% (in the case of 3.6 mm adherend thickness). This is known to be due to the
improved ductility of the laminate, which can delay delamination [19]. Moreover,
experimental observation clearly demonstrated that the presence of thin-plies acts as a
barrier against crack propagation therefore improve the failure mode (by reducing
delamination) under static loads [18]. However, adherend thickness has a negligible effect
on the joint strength in hybrid composite joints reinforced by thin-ply. This is while a
considerable change in the failure mode was observed changing from fully delaminated

failure surface (from 3.0 mm adherend thickness) to partial delamination when increased

up to 4.0 mm.
12
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Fig 10. Average experimentally obtained failure load for hybrid (25% thin-ply) single
lap joint with 3.0, 3.6, and 4.0 mm adherend thickness in comparison with the

equivalent numerical result

5. Conclusion

This study examines the influence of adherend thickness on the performance of hybrid
composite single lap joints strengthened with thin-ply reinforcement. Three different
adherend thicknesses were considered and the manufactured specimen was conducted to
tensile test. From the experimentally obtained results and the numerical models produced

the main conclusions are:



. A marginal rise in the failure load was noted when the adherend thickness was

increased in the hybrid composite joint reinforced with thin-ply.

. A notable alteration in the failure mode was clearly evident, changing the failure

mode from full delamination to partial delamination.

. Numerical models employing finite element methods were generated to replicate
the behavior of the configurations. Cohesive zone modeling was used to model the failure
in the adhesive layer and delamination in the composite adherends. The numerical models
show good agreement with the experimentally obtained results.
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