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ABSTRACT

The improvement of structural performance requires innovative applications of
composite materials to replace traditional materials in the design of structures. In offshore
industry, the deterioration of structures subjected to harsh environmental conditions
motivates the development of new technologies for maintenance of structural integrity.
Composite repair technology has emerged as a promising alternative for the rehabilitation
of metal structures, introducing the application of composite-to-metal adhesively bonded
joints. In this sense, literature reveals limitations of the current methodologies for
optimizing the design and ensuring structural integrity of bi-material bonded structures.
The determination of fracture mode ratio in cracks between different materials is
challenging. Therefore, this Thesis addresses the fracture characterization of composite-
to-metal bonded joints under mixed-mode loadings.

A new methodology was developed for the fracture characterization of bi-material crack
propagation: the strain-based method (SBM). The SBM consists of an analytical approach
based on beam analysis for the calculation of the total fracture energy and mode
partitioning of bi-material crack propagation. It predicts a coupling relationship between
the pure modes and allows obtaining the fracture mode ratio of bi-material cracks through
a simple design criterion based on the longitudinal strain equivalence of the outer surfaces
of the specimen. The new methodology was successfully applied on the experimental
analysis of a composite-to-metal bonded joint using the mixed-mode bending (MMB)
test. Limitations of the SBM include considerations of shear effects, crack tip rotation.
Since the method relies on linear elastic fracture mechanics, the effect of a large fracture
process zone (FPZ) developed ahead of the crack tip may also produce significant errors
in the analytical solution.

A parametric study was performed to evaluate the SBM for the mixed-mode fracture
characterization of bonded joints with asymmetric geometry and materials. The fracture
energy obtained using SBM was benchmarked against the widely applied Williams’
partitioning method (WM) and a finite element model (FEM) using the virtual crack
closure technique (VCCT). Results showed that WM produces inaccurate fracture modes
in asymmetric conditions while the SBM was able to obtain, with accuracy, the fracture

mode ratio of bi-material cracks. The SBM proved to be an easy and reliable method that



allows characterizing mixed-mode fracture behavior of a crack propagation between
different materials through a simple formulation. In contrast, the use of numerical
solutions requires complex models and high computational cost.

The effect of design and manufacturing parameters on the performance of the composite-
to-metal bonded joint was investigated using the SBM. Specimens were manufactured
using a carbon fiber reinforced polymer (CFRP) co-bonded to a steel member with epoxy
adhesive. A hand lay-up manufacturing process was applied with consolidation at room
pressure or using vacuum bagging. Additionally, the influence of an inserted layer of
glass fiber mat (GFM) was evaluated as a toughening mechanism to improve the fracture
performance of the structure.

Results of MMB tests revealed that the insertion of a layer of GFM between adherends
prevented the crack migration to the composite adherend and introduced a preferential
crack propagation path. This shows that the adjacent composite layer to the adhesive
interface has an important role in the fracture performance of the bonded joint. In
addition, the fracture characterization revealed that the combination of vacuum pressure
in the consolidation of the composite with the insertion of a layer of GFM increased the
fracture toughness of the structure. The toughening mechanism is related with a more
irregular crack path and higher surface roughness due to the increase in the energy
required for the crack propagation. Moreover, the toughening effect showed to be more
evident in higher mode 11 fracture conditions.

The effect of long-term environmental exposure on the performance of composite-to-
metal bonded joints was investigated using the SBM. Specimens were aged in salt fog.
Results showed that the environmental ageing did not have a drastic effect on the adhesive
layer although it was extremely aggressive to the steel adherend. The fracture
characterization revealed an increase of the toughness at crack initiation in aged
specimens related to the shear behavior and plasticization of the adhesive, while the
fracture toughness remained similar at crack propagation. In Addition, adhesive failure
was observed in regions affected by moisture at the edges of the fracture surface while
the failure mode at the unaffected regions shifted from cohesive to a combination of thin-
layer cohesive and adhesive failure. These results contributed to describe the typical
changes of the mechanical behavior of bonded joints at initial stages of ageing followed

by a steady condition when pure adhesive failure is reached.



Keywords: fracture mechanics, composite materials, bonded joints, mixed-mode
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RESUMO

A melhoria do desempenho estrutural requer aplicacdes inovadoras de materiais
compdsitos em substituicdo a materiais tradicionais no projeto de estruturas. Na industria
offshore, a deterioracdo de estruturas submetidas a condi¢cdes ambientais severas motiva
o desenvolvimento de novas tecnologias para manutencao da integridade estrutural. A
tecnologia de reparo com compdsitos surgiu como uma alternativa promissora para a
reabilitacdo de estruturas metélicas, introduzindo a aplicacdo de juntas coladas de
compdsito em metal. Nesse sentido, a literatura revela limitac6es das metodologias atuais
para otimizacdo do projeto e garantia da integridade estrutural de juntas coladas bi-
materiais. A determinacdo da razdo do modo de fratura em trincas entre diferentes
materiais € um desafio. Portanto, esta Tese aborda a caracterizacdo da fratura de juntas
coladas compdsito-metal sob cargas de modo misto.

Uma nova metodologia foi desenvolvida para a caracterizacdo da fratura em propagacéo
de trincas bi-materiais: 0 método baseado na deformacao, ou strain-based method (SBM).
O SBM consiste em uma abordagem analitica, baseada em anélise de vigas, para o célculo
da energia total de fratura e particionamento do modo de propagagdo em trincas bi-
material. Ele prevé uma relacdo de acoplamento entre os modos puros e permite obter a
razdo do modo de fratura de trincas bi-materiais por meio de um critério simples baseado
na equivaléncia da deformacdo longitudinal das superficies externas do corpo de prova.
A nova metodologia foi aplicada com sucesso na analise experimental de uma junta
composito-metal usando o ensaio mixed-mode bending (MMB). As limitacbes do SBM
incluem consideragOes do efeito de cisalhamento e rotagéo da ponta de trinca. Uma vez
que o método depende da mecénica de fratura elastica linear, o efeito da chamada fracture
process zone (FPZ) desenvolvida a frente da ponta da trinca também pode produzir erros
significativos na solucdo analitica.

Um estudo paramétrico foi realizado para avaliar o uso do SBM na caracterizacdo da
fratura em modo misto de juntas coladas com geometria e materiais assimétricos. A
energia de fratura obtida usando o SBM foi comparada com o amplamente usado método
de particionamento de Williams (WM) e com um modelo de elementos finitos (FEM)
usando a virtual crack closure technique (VCCT). Os resultados mostraram que 0 WM
produz modos de fratura imprecisos em condi¢des assimétricas, enquanto o SBM foi



capaz de obter, com precisao, a razdo do modo de fratura de trincas bi-materiais. O SBM
provou ser um método féacil e confiavel que permite caracterizar o comportamento da
fratura em modo misto na propagacédo de uma trinca entre diferentes materiais por meio
de uma formulacdo simples. Em contraste, o uso de solu¢fes numéricas requer modelos
complexos e alto custo computacional.

O efeito de parametros de projeto e fabricacdo no desempenho da junta colada composito-
metal foi investigado usando o SBM. Corpos de prova foram fabricados usando um
polimero refor¢ado com fibra de carbono (CFRP) colado a uma parte de aco com adesivo
epoxi. O processo de fabrica¢do por laminacdo manual foi aplicado com consolidacéo a
pressdo ambiente ou usando bolsa de vacuo. Além disso, a influéncia da inser¢do de uma
camada de manta de fibra de vidro (GFM) foi avaliada como um mecanismo de aumento
de resisténcia para melhorar o desempenho em fratura da estrutura.

Resultados dos ensaios MMB revelaram que a insercdo de uma camada de GFM entre os
aderentes evitou a migracdo da trinca para o aderente compadsito e introduziu um caminho
preferencial de propagacdo da trinca. 1sso mostra que a camada de compdsito adjacente a
interface adesiva tem um papel importante no desempenho em fratura da junta colada.
Além disso, a caracterizagdo da fratura revelou que a combinacédo da pressao de vacuo na
consolidagcdo do compdsito com a insercdo de uma camada de GFM aumentou a
resisténcia a fratura da estrutura. O mecanismo de aumento de resisténcia esta relacionado
a um percurso mais irregular da trinca e uma maior rugosidade superficial, devido ao
aumento da energia requerida para a propagacao da trinca. Adicionalmente, o efeito do
aumento de resisténcia a fratura mostrou-se mais evidente em condic¢des de maior modo
.

O efeito da exposicdo ambiental de longo prazo no desempenho da junta colada
compdsito-metal foi investigado usando o SBM. Corpos de prova foram envelhecidos em
névoa salina. Resultados mostraram que o envelhecimento ambiental ndo teve um efeito
dréstico na camada adesiva, embora tenha sido extremamente agressivo ao aderente de
aco. A caracterizacdo da fratura revelou um aumento da resisténcia na iniciagdo da trinca
em corpos de prova envelhecidos relacionado ao comportamento ao cisalhamento e
plastificacdo do adesivo, enquanto a resisténcia a fratura permaneceu similar na
propagacao da trinca. Além disso, a falha adesiva foi observada em regides afetadas pela

umidade nas bordas da superficie de fratura, enquanto o0 modo de falha em regides nédo



afetadas mudou de coesiva para uma combinacéo de falha adesiva com coesiva de camada
fina. Esses resultados contribuiram para descrever as mudancas tipicas do comportamento
mecanico de juntas coladas em estagios iniciais de envelhecimento, seguidos de uma

condicdo estavel quando a pura falha adesiva € atingida.

Palavras-chave: mecénica da fratura, materiais compoésitos, juntas coladas, ensaio
mixed-mode bending (MMB), strain-based method (SBM), método dos elementos finitos,

analise de falha, mechanismo de aumento de resisténcia, envelhecimento.
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Tg: glass transition temperature

Ue: external energy

Us: strain energy

u,, : displacement at nodal point £1 in x-direction
u,,: displacement at nodal point £z in x-direction
v, . displacement at nodal point £1 in y-direction
vy, displacement at nodal point £2 in y-direction
Xi: force at nodal point i in x-direction

Yi: force at nodal point i in y-direction

B: longitudinal strain ratio between upper and lower arms
Aa: finite element size

¢: rotation angle of the specimen

¢1: rotation angle of the upper arm

¢2: rotation angle of the lower arm

v: Poisson’s ratio

vi: Poisson’s ratio of the upper arm

v2: Poisson’s ratio of the lower arm

vi2: in-plane Poisson’s ratio

y: bending stiffness ratio between upper and lower arms
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Chapter 1

Introduction

There is an increasing requirement for optimization of energy consumption and safety in
industrial activities. The composite materials technology introduces new combination of
properties that allows the developed of lighweight structures and the achievement of a
superior structural performance. As innovative industrial applications of composites
increase, the development of adhesive bonding technology is required due to their
inherent integration and mutual benefit. With the expansion of these technologies, new
opportunities become available for reseach in multi-material bonded structures. This
research aims to address the chalenges of improving the design and ensuring structural
integrity of bi-material bonded joints. The focus is placed on the crack propagation of bi-

material bonded joints under mixed-mode fracture.
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1.1 Background and motivation

The requirement of lightweight structures has encouraged the development of
new materials. In this sense, composite materials technology has become the most
suitable alternative to industrial applications [1]. First applications of composite
structures are found in aerospace industry [2-5] and have been expanded to many other
fields, such as automotive [6], maritime [7] and civil construction [8]. Advanced
composite materials provide high strength with a relatively low weight and thus enable
superior structural performance to be achieved. Inovative composite applications are
developed as manufacturers replace traditional materials in the design of structures.

In a broad sense, a composite material is a new material made of a combination
of two existing materials. In this context, advanced composites are usually made of a
polymer matrix, which provides the shape, combined with a fiber reinforcement, which
provides mechanical strength, as shown in Figure 1.1. These materials are called fiber
reinforced polymers (FRPs). Since the mechanical properties are high only in the fiber
direction, the FRPs are usually manufactured as multilayered structures. The main
advantages of the laminate composites are the high mechanical properties, relatively low

weight, design flexibility and high environmental resistance.

. +«— Matrix
. .,«ﬁ‘&‘

Reinforcement

Figure 1.1: Scheme of a unidirectional composite layer.

The deterioration of structures subjected to harsh environmental conditions
motivates the development of new technologies for maintenance of structural integrity.
In recent years, the composite repair technology has emerged as a promising alternative
for the rehabilitation of metal structures in aircrafts [9], vessels [10-12] and pipes [13-
15]. In the offshore industry, oil and gas production platforms remain more than 20 years
subjected to harsh environment and a large maintenance routine is necessary in order to
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ensure structural integrity and continuous production. Composite repairs have the
advantage of avoiding hot work, which is safer and does not require to stop the
production. A composite patch is bonded or laminated directly on a metal structure in
order to re-establish the structural integrity. Figure 1.2 [16] shows an example of
composite repair applied to a ship hull and Figure 1.3 [17] shows the repair of a corroded
floor of a ballast tank of a floating, production, storage and offloading (FPSO) unit. The
composite patch is usually manufactured by hand lay-up using multidirectional carbon
fibers and epoxy resin [18]. This results in a bi-material bonded structure between
composite and metal parts, as shown in Figure 1.4 [18, modified]. The adhesive bonding
technology has several advantages for joining composite materials, such as high strength-
to-weight ratio, enhanced stress transfer mechanisms and design flexibility [1]. The
advent of composite-to-metal bonded joints requires the development of new reliable

methodologies for optimizing design and assuring structural integrity.

Figure 1.2: Composite repair of a ship hull.
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Figure 1.3: Composite repair of a ballast tank.

/— Composite patch

Damage

Figure 1.4: Scheme of a composite patch repair.

The fracture mechanics approach is widely applied to improve the design and
evaluate the performance of structures. Imperfections present within materials are points
of stress concentration and therefore fracture initiation. Fracture mechanics models the
defect as a crack and evaluates if its size overcome the critical fracture size leading to
structural failure. The strain energy release rate (SERR) is the most important property to
consider in the calculation of fracture toughness of damaged structures. The crack
propagation occurs when the available energy at the crack tip exceeds the critical energy
for crack propagation. A crack in a structure may propagate in three different modes:
opening (mode 1), in-plane shear (mode I1), and out-of-plane shear (mode I11). An scheme
is presented in Figure 1.5. In the cases of delamination and debonding, the crack
propagates along a defined path at an interface, in a condition of mixed-mode (I1+11)

loadings.
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Figure 1.5: Fracture modes.

Literature reveals a need for the development of new methodologies for the
characterization of mixed-mode fracture in bi-material bonded joints [19]. In this case,
not only the total fracture toughness must be determined but also the proportion of mode
I and mode |1 fracture.

1.2 Research goals and scope

There are well-stablished and standardized experimental methods for the
fracture characterization of symmetric adherends. However, in the case of cracks between
different materials, the determination of fracture mode ratio is challenging. The lack of a
straightforward method capable of describing the fracture behavior of bi-material bonded
joints poses an obstacle to the widespread use of multi-material bonded structures. The
available methods for the fracture analysis of crack propagations between different
materials are complex and rely on the use of computational tools, that are viable only in
research level. Literature does not offer any reliable solution that can be easily reproduced
in industrial level.

The present research aims to introduce a new methodology to evaluate the
performance of bi-material bonded joints under mixed-mode fracture conditions. In this
Thesis, research was conducted in specimen at coupon scale. Materials and procedures
were chosen to simulate the application of composite bonded repairs in metal structures
of offshore industry. In addition, parameters of design and manufacturing process were
investigated using the proposed method. The effect of environmental degradation was
also addressed in order to access the long-term performance of the bonded structure.
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1.3 Thesis outline

This Thesis is organized in seven chapters. First, the Introduction (Chapter 1)
presented the background and motivation for the topics developed in this Thesis. The
research goals and methodology were defined. From here, specific parts of the research
are discussed. Every chapter works independently, with introduction, goals, methods,
results, discussion and conclusion.

Chapter 2, Review of Mixed-Mode Fracture, summarizes the state-of-art on
the methodologies for the characterization of the fracture behavior of bonded materials
under mixed-mode conditions. The most relevant methods for the evaluation of the
performance and quantification of fracture parameters are outlined, including analytical
and numerical approaches. A review of the experimental methods is also performed. The
knowledge gaps in the literature review reveals challenges and limitations regarding the
mixed-mode fracture characterization of bi-material cracks.

In Chapter 3, The Strain-Based Methodology, a new methodology is proposed
for the mixed-mode fracture characterization of bi-material bonded joints. A testing
procedure is suggested for the experimental assessment of the fracture behavior of
composite-to-metal bonded joints. In Addition, an analytical solution, based on beam
analysis, is proposed and validated for the calculation of the fracture parameters of the bi-
material specimens under mixed-mode loadings.

In Chapter 4, a Parametric Study is performed in order to verify the accuracy
and limitations of the strain-based method (SBM) for the calculation of the fracture
parameters. The effects of geometry and material asymmetry are examined using
numerical models. This analysis corroborated the results obtained in Chapter 3 for the
application of the SBM to the mixed-mode fracture characterization of bi-material bonded
joints.

Chapter 5 presents an analysis of Design and Manufacturing Parameters on
the mixed-mode fracture behavior of composite-to-metal bonded joints. Different
procedures for the manufacturing of composite patch repairs in steel structures are
evaluated using the SBM. The influence of crack propagation path, fracture surface
profile and failure modes on the performance of the structure is described.

In Chapter 6, the effect of Environmental Ageing on the mixed-mode fracture
behavior of composite-to-metal bonded joints is evaluated. The long-term performance
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of the bi-material bonded structure under a moist and salty atmosphere is examined using
the SBM. The failure modes and chemical composition of the fracture surfaces are
examined.

Finally, Chapter 7 presents the Conclusions and Final Remarks of the research
developed in this Thesis. The outcome of the research is summarized and future
challenges are pointed out.
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Chapter 2

Literature Review of Mixed-Mode Fracture

The fracture mechanics approach is an important technique to improve the design and
evaluate the performance of composite and adhesively bonded materials. In these
structures, the crack usually propagates in a combination of opening (mode 1) and shear
(mode I1) loadings along a defined path. The fracture characterization is primarily based on
the determination of the strain energy release rate (SERR). Not only the total fracture
energy must be determined but also the ratio between the two fracture modes. A solid
understanding of the available methodologies for mixed-mode fracture characterization is
essential to improve the development and application of composites and adhesion
technologies. In this work, a review on theoretical and experimental procedures for the
mixed-mode fracture characterization of composites and bonded joints is presented.
Analytical and numerical solutions based on elastic fracture mechanics (LEFM) are
described for the determination of the total fracture energy and mode ratio. Advantages and
limitations of a variety of experimental procedures are discussed. The most suitable method
depends on several parameters, such as the available equipment, type of materials and the

range of fracture modes to be tested.

Keywords: fracture mechanics, mixed-mode fracture, beam analysis, finite element

method, testing methods, literature review.
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2.1 Introduction

In the last few decades, enormous amount of investigation has been carried out
on the development of laminated fiber-reinforced polymers (FRPs) [1-3]. The advantages
of composite materials include high strength-to-weight ratio, design flexibility and
durability. These technologies have been developed first in the aerospace industry [4-6]
and became essential in many other fields, such as automotive [7], marine [8],
construction [9] and electronics [10]. The expansion of composite applications increases
the application of multi-material structures. Adhesive bonding is the most efficient
technique in terms of design and performance for joining composites to other materials,
such as metals. The design of multi-material bonded structures requires the development
of new methods for optimizing structural performance.

The fracture mechanics approach is an important technique to improve the
design and evaluate the performance of structures [11]. In the cases of delamination and
debonding, the crack is constrained to propagate along a defined path. The fracture
characterization is primarily based on the determination of the strain energy release rate
(SERR) during the propagation of a crack. However, the fracture usually propagates in a
combination of opening (mode 1) and shear (mode 1) loadings. In a mixed-mode fracture
(1+11), the total fracture energy must be determined as well as the ratio between the two
fracture modes. Different models have been developed based on beam theory [12] and J-
integral [13] for the calculation of the fracture energy. The finite element method (FEM)
has also been an important tool for the analysis of cracked materials through concepts of
fracture mechanics [14]. The development and application of fracture characterization
methods are object of several experimental [15, 16] and numerical [17] studies.

Many authors addressed the challenges on the fracture characterization of
composites and bonded joints. Chaves et al. [18] indicated that there is a need for
development of simple and reliable methodologies for the characterization of mixed-
mode (I+11) fracture. Several methods were developed for the analysis of cracked
materials. However, these works are scattered. A solid understanding of the available
methods for fracture characterization is essential to improve the development and

application of composites and adhesion technologies.
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This Chapter presents a critical literature review on theoretical and experimental
methods for the mixed-mode fracture characterization of composites and bonded joints.

The reliability of the available approaches for fracture mode partitioning is evaluated.

2.2 Fracture characterization models
In this section, a description is provided regarding the most relevant theories for

the fracture characterization of composites and bonded joints.

2.2.1 Beam analysis

Analytical methods based on beam theory are the simplest way to characterize
interlaminar and interfacial fracture. They are widely applied to the analysis of beam-like
specimens under bending moments. The analysis considers a region (6a) mechanically

affected by the presence of a crack (a), as shown in Figure 2.1.

Figure 2.1: Beam analysis under pure bending moments.

The SERR is obtained through the law of conservation of energy:

1,dU, dUg
_ _ 2.1
G B< da da ) 21)

Where B is the width of the specimen, Ue is the external work performed and Us is the
strain energy and a is the crack length. When the crack moves from O on section AB to

O' on section CD, the external work is:

U, 5b, & 5b, &
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Where M1 and M2 are the bending moments on the section of the crack tip in the upper

and lower arms, respectively. For bending moments, the change in angle is given by:

56 M
2= (2.3)

Where M is the moment, E is the axial Young's modulus parallel to the crack and I is the

second moment of area. Similarly, the strain energy is:

3Ug _ Mi M3 (My+Myp)?

Ta  ZEl,  2El; | 2Eegleg

(2.4)

Where Exu, I1, E2, I2, E and | are the flexural longitudinal moduli and second moments of
the area in the section of the crack tip of the upper arm, lower arm and total specimen,
respectively. Substituting (2) and (4) in (1), it can be reduced to the equation of the total
fracture energy:

1 (M% MZ (M +M2)2>

G=—
2B\E,I; ' E,l, Eeqleq

(2.5)
Equation (2.5) allows calculating the total fracture energy of a beam. However,

it is essential to define the contribution of mode | and mode Il fracture in the

characterization of the mechanical behavior. Williams [1] presented a method for

partitioning the fracture energy at the crack tip delamination of composites under bending

loading. It is based on the following two assumptions:

(i) pure mode I exists when opposite moments act on the joint arms, i.e., M1 = M; and M2

=-M;

(i) pure mode II is obtained when the curvatures of the two arms are the same, i.e., M1 =

M and M2 = yMu, where v is defined as the bending stiffness ratio of upper and lower

arms, as:
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VEEL (2.6)

Based on these two assumptions, one can obtain:
M, =My — M (2.7)
M; = yMy + M, (2.8)

Substituting Equations (2.7) and (2.8) in Equation (2.5), the fracture energy can

be partitioned in mode 1, when My = 0, and mode I, when M, = 0. Gi, G and G are then

given by:
(M =Mp)? /1 1
G = 2B 02 BT TE, (2.9)
S MM 1T (y+ 1)
G = 2B(y + 1) \Eil;  Eggleg (2.10)
G = GI + GII (211)

The beam analysis is a full field measuring technique and is commonly referred
in the literature as the ‘global’ method, as it considers the whole geometry of the beam.

Analytical models based only in simple beam analysis does not properly describe
the crack propagation mechanism [19]. The two arms are not fixed against rotation at the
delamination tip as assumed in simple beam analysis. Instead, they rotate slightly due to
the elastic support that they provide one another. Such effects arise as a result of shear
deformation and deflection at the crack tip, large deflections of the arm and stiffening of
the arms due to the presence of the end-blocks. Williams [20] proposed a correction
factor, based on Kanninen [21] elastic foundation model, for accounting these various
effects in the mode | fracture. Wang and William [22] tested the same correction factor
for mode 11 fracture component. The incorporation of crack tip correction factors in the

beam model, Equations (2.9) and (2.10), resulted in the so-called corrected beam theory
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(CBT). In this model, an effective crack length value is used to account for the
contribution to the energy release rate from shear deformations.

The works of Williams [23], Hashemi et al. [24] and Ducept et al. [25] indicated
that the beam analysis with crack tip corrections produces reliable values for the total
fracture energy and partitioning ratio of symmetric cracks. However, Ducept el al. [26]
showed that the global method does not provide reliable results of the fracture mode
partitioning of cracks between asymmetric arms.

Conroy et al. [27] combined simple beam analysis with cohesive zone models
(CZMs) and proposed a semi-analytical cohesive analysis (SACA) to obtain the fracture
mode ratio of asymmetric geometries. It predicts a variation of the fracture mode ratio
from the local to the global partitioning as the fracture process zone (FPZ) increases. The
SACA has proven superior to the traditional beam analysis for the mixed mode fracture
characterization of adhesively bonded joints [28]. However, it requires an iterative
process for the estimation of the cohesive zone length to determine the fracture mode ratio
from a numerically obtained dependency curve.

An alternative approach to obtain the fracture toughness of cracked materials is
the J-integral. It can be defined as the decrease of potential energy per increment of
cracked surface in an elastic linear or non-linear material [13]. The fracture energy can
be calculated by evaluating the independent contour integral along a path following the
external boundaries of the specimen. The J-integral approach uses non-linear fracture
mechanics, which allows evaluating fracture under linear elastic as well as elastoplastic
conditions. In conditions of linear-elastic behavior, the J-integral is equivalent to the
definition of SERR from the LEFM.

2.2.2 The virtual crack closure technique (VCCT)

The fracture behavior of an interfacial crack can be predicted using a singular
field-based approach. The virtual crack closure technique (VCCT), proposed by Rybicki
and Kanninen [14], is a ‘local’ method based on LEFM that assumes that when a crack
extends by a small amount, the energy released in the process is equal to the work required
to close the crack to its original length. It allows obtaining the mode I, mode Il and mode
I11 fracture energy from the nodal forces and displacements obtained from the solution of

a finite element model.
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The VCCT became widely applied in the determination of the fracture energy
and mode partitioning of plane (two-dimensional — 2D) and solid (three-dimensional —
3D) interfacial cracks [29]. In a 2D finite element plane stress or plane strain model, the
crack (a) is represented as a one-dimensional discontinuity by a line of nodes, as shown
in Figure 2.2a. Nodes at the top surface and the bottom surface of the discontinuity have
identical coordinates but are not connected with each other. This allows the elements
connected to the top surface to deform independently from those connected to the bottom

surface. Consequently, the crack is allowed to open, as shown in Figure 2.2b.

a) b)

y

crack closed crack closed
a a

Figure 2.2: (a) undeformed and (b) deformed finite element mesh.
The mode | and mode Il components of the strain energy release rate can be

obtained using two-dimensional for four-noded finite element models, as shown in Figure
2.3.
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Figure 2.3: VCCT for four-noded elements.

Considering an element thickness equals 1, the equations are:

(2.12)

1
Gy = ZBAaXi(u{)Z - uf1) (2.13)

Where Aa is the element length at the crack front, B is the element width in z direction,
and Xi and Yi are the forces at the crack tip (nodal point i). The relative displacements

behind the crack tip are calculated from the nodal displacements u,, and v, at the lower
crack face (nodal point £1), and the nodal displacements u,, and v,, at the upper crack
face (nodal point £2). The total energy release rate is calculated from the individual mode
components.

G = GI + GII + GIII (214)

Where G = 0 for the two-dimensional case discussed.
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The VCCT has shown to be a reliable method for calculation of the fracture
components at a crack between homogenous materials [29]. However, the mode
partitioning becomes sensitive to the crack extension length when the crack is modelled
at a bi-material interface [30]. One way to circumvent the problem is the insertion of an
interlayer in both sides of the crack [31, 32]. The crack propagation occurs within a
homogeneous path where the mode partition is not sensitive to the crack length.

The use of FEM allows obtaining the fracture of complex geometries but
requires high computational effort. In general, the VCCT has been widely applied to the
validation of analytical models for obtaining the fracture toughness of beam-like cracked
structures [17]. However, the use of a local method the size of the singular field to be
larger than the damage zone [35]. It is usually the case of crack propagation in ductile

materials.

2.3 Mixed-mode fracture tests

In fracture tests, defects are modelled as pre-cracks that are artificially placed to
simulate damage initiation. During the test, a cracked specimen is subjected to loadings
that cause a stress concentration around the crack tip and consequently the crack
propagation. In the case of mixed-mode fracture tests, the stresses result in mode | and
mode Il fracture simultaneously in a defined ratio. A variety of experimental methods has
been developed for evaluation of the mixed-mode fracture. In this section, the most

relevant test procedures are individually described and discussed.

2.3.1 Asymmetric double cantilever beam (ADCB) Test

The double cantilever beam (DCB) test was early developed for pure mode |
fracture characterization of symmetric specimens [36]. The test specimen consists of a
beam type geometry comprised of top and bottom arms with a crack (a) at one end along
the interface. During the DCB test, an opening load (P) is applied to the specimen arms
producing the crack propagation. When the crack is placed between arms with different
geometry and/or materials, an amount of shear stress is experienced near the crack. In
these cases, the asymmetric double cantilever beam (ADCB) test is indicated for the

mixed-mode fracture characterization [37]. Figure 2.4 shows the ADCB test scheme. The
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same procedure has also been called unsymmetric double cantilever beam (UDCB) test
[38].

E1 }hw
E> h2
P

Figure 2.4: ADCB specimen free body diagram.

Ducept et al. [26] applied global and local methods for the fracture
characterization of unidirectional asymmetric laminates. They verified that the simple
beam analysis does not properly estimate the mode | and mode Il fracture energy. Mollén
et al. [39] successfully evaluated the fracture toughness of carbon-epoxy asymmetric
laminates using the modified beam theory (MBT) [40]. The MBT is an experimental
calibration parameter is introduced in the formulation in order to correct the beam theory
to account for rotations at the delamination front during the DCB test. Alternatively,
Shokrieh and Zeinedini [41] assumed each arm of the ADCB specimen as an elastic
cantilever beam and proposed a modified elastic beam theory (MEBT) to calculate the
SERR of multidirectional composite laminates.

Several methods have been proposed for the fracture characterization of mixed-
mode fracture using the ADCB test [42-45]. Jernkvist [42, 43] developed criteria to
evaluate the crack propagation in wood. The analysis considers the typical fiber structure
from wood materials and relies on the concepts of LEFM for the formulation. Benatti et
al. [44] proposed an analytical solution derived from a mechanical model of the ADCB
test in which the specimen is an assembly of two arms partly connected by an elastic-
brittle interface. However, the model does not account for the effects of geometric and
material non-linearities. Risov and Mladensky [45] theoretically studied the non-linear
fracture behavior of ADCB specimens made of unidirectional FRPs by means of path
independent J-integral. They found that the material non-linearity contributes to the
increase of the J-integral value. This effect is attributed to the strain energy dissipation
due to plastic deformation of the beam.

Overall, the ADCB test is a simple solution to determine the mixed-mode

fracture toughness of a reasonable range of fracture mode ratios by varying the relative
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thicknesses of the two arms. The main drawback is that the mode Il contribution is
restricted by the tested material and geometrical limitations. Another inconvenient is the
fact that one specimen geometry allows obtaining only one fracture mode ratio. Recently,
Wang et al. [46] showed that pure mode | can be achieved in bi-material joints by
matching the longitudinal strain distributions of the two adherends at the bond line. The
longitudinal strain-based criterion showed to be more accurate in comparison with a
flexural stiffness-based criterion for obtaining the pure mode I crack propagation.

Park and Dillard [47] proposed the asymmetric tapered double cantilever beam
(ATDCB) test as a variation of the ADCB test combined with the tapered double
cantilever beam (TDCB) [48]. The ATDCB specimen consists of a hybrid configuration,
where one arm of the specimen has a constant section, and the other arm has wedge
configuration. The relative stiffness of the adherends varies in a systematic manner,
resulting in a range of the fracture mode ratio as the crack propagates. Similar to the
ADCB test, the ATDCB test presents a limited partitioning range. Moreover, it has higher
manufacturing complexity when compared with common ADCB, particularly for

composite laminates.

2.3.2 Single leg bending (SLB) test

The end-notched flexure (ENF) test was early developed for pure mode Il
fracture characterization [49]. In the ENF test, a load (P) is applied to the specimen mid-
span between the two supports points. The procedure has proven to produce pure shear
loading in cracks between symmetric and asymmetric arms [50]. Russell and Street [51]
introduced the mixed-mode flexure (MMF) test as an adaptation of the ENF test for
mixed-mode fracture characterization. In the MMF test, the entire reaction force at this
end is transmitted to the upper material through a loading block, inducing a portion of
opening loading in the region of the crack tip. Later on, Yoon and Hong [52] proposed a
similar procedure. In this case, a portion of the lower arm is removed from the cracked
end so that the test can be applied using only simply supported ends. Davidson and
Sundararaman [53] referred to a similar procedure as single-leg bending (SLB) test. The

SLB test scheme is shown in Figure 2.5.
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Figure 2.5: SLB specimen free body diagram.

The SLB test has been extensively applied to the analysis of composite laminates
[54-56]. Abertsen et al. [54] and Rikards et al. [55] evaluated the influence of interface
properties on the fracture toughness of unidirectional fiber composites using simple beam
theory. Gong and Davidson et al. [56] confirmed the negligible effect out-of-plane shear
(mode I11) fracture from a tridimensional analysis of unidirectional and multidirectional
symmetric specimens. Davidson et al. [57] verified the influence of geometric parameters
on the energy release rate and mode ratio in symmetric SLB tests using the FEM. A design
approach was proposed for obtaining accurate values of the fracture toughness from
conventional data reduction methods. Gong and Benzeggagh [58] showed that both
symmetrical and asymmetrical specimens allow testing a similar range of fracture mode
ratios. The ratio depends only on the crack position and the thickness of the specimen and
is independent of both the applied load and the crack length. Lee et al. [59] applied the
SLB test to the analysis of composite-to-steel bonded joints. These works showed that the
method is a simple solution to evaluate the mixed-mode fracture behavior of cracked
specimens at a nearly constant mode ratio, but it is limited to smaller mode I contributions.

Szekrényes and Uj [60] incorporated transverse shear, elastic foundation effects
to the beam analysis of unidirectional glass/polyester laminates. Oliveira et al. [61]
proposed the compliance-based beam method (CBBM) for the mixed-mode fracture
characterization of wood using SLB tests. The CBBM depends on the specimen
compliance which is used to estimate an equivalent crack. Therefore, it does not require
crack length monitoring during the test. Pereira et al. [62] successfully applied the same
procedure to the fracture characterization of a bone specimens and Silva et al. [63]
measured the crack tip opening displacements by digital image correlation. The same
approach was applied to characterize the mixed-mode fracture of carbon-epoxy/cork

hybrid laminates [64] and unidirectional carbon-fiber composites [65]. These works
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proved the excellent performance of a crack equivalent beam model applied to the SLB
test.

A variation of the SBL was suggested by Tracy et al. [66], the single leg 4-point
bending (4SLB) test. The method utilizes a small test coupon and allows obtaining a
constant mode ratio during crack propagation. Davidson et al. [67] verified the influence
of geometric parameters on the energy release rate and mode ratio in symmetric 4SLB
tests using the FEM. The 4SLB test has shown to provide an attractive alternative, as it
can use the same type of test specimens and produces results with essentially the same
accuracy of the SLB test.

Szekrényes and Uj [68] developed the over-leg bending (OLB) test as an
adaptation of the SLB test modified by variating the position of the applied load between
the two supports. The OLB test showed to promote a more stable crack propagation than
the SLB due to the possibility of greater crack length. Additionally, Liu et al. [69] tested
carbon fiber composites and verified that the crack propagates quicker in the SLB test
than in the OLB test. However, the OLB test leads to a higher bending strength than the

SLB for the same specimen.

2.3.3 Mixed-mode bending (MMB) test

Reeder and Crews [70] developed the mixed-mode bending (MMB) test method
as a combination of the DCB and the ENF tests. In this test, the loading (P) is applied
through a roller attached to a lever and loaded just above the mid-plane of the test
specimen. The test loading is decomposed in opening (P1) and shear (Pn) loadings in a
constant ratio determined by the lever length (c). The original procedure was later
redesigned in order to minimize geometrical nonlinearity effects [71] and to take into
account the weight of the lever [72]. Chen et al. [73] proposed a modification to the test
apparatus in order to avoid preloading on the specimens caused by the weight of the lever.
The MMB test scheme is shown in Figure 2.6 and the loads applied to the specimen are
shown in Figure 2.7. It has proved to be an easy and reliable method for measuring a wide
range of mixed-mode ratios with only one specimen geometry [25, 74].
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Figure 2.6: MMB test scheme [75].

P(L+c)+P,(L+c,) PctP.c,
L
=
E1 }hw
E2 h2

) T

e 2L I
P(L+c)+P, (L+c,) P(L-c)+P, (L)
2L 2L

Figure 2.7: MMB specimen free body diagram.

The MMB test method has been extensively applied for evaluation of the
delamination in unidirectional composites with a midplane crack [25, 73, 74, 76-80].
Martin and Hansen [77] proposed a constant opening-displacement ratio in order to
achieve stable delamination growth and overcome potential inaccuracies. Ducept et al.
[78] verified an atypical failure behavior concerning crack stability when testing a
composite bonded joint in comparison with composite delamination. Reeder [79, 80]
defined a criterion for choosing test parameters where nonlinear errors are insignificant.
Bhashyam and Davidson [76] confirmed the accuracy of the CBT for fracture
characterization of unidirectional symmetric delamination. Blanco and Turon [81]
proposed a simple solution to determine the lever length with better accuracy. These
works were led to the standard ASTM D6671M [82] that describes the MMB test
procedure and incorporates the CBT for the fracture characterization of unidirectional

symmetric composites.
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Studies performed by de Morais and Pereira [83, 84] successfully applied the
MMB test on the delamination analysis of multidirectional symmetric composites.
Sarrado et al. [85] developed a method based on J-integral [13] for the experimental
characterization of fractures with a large FPZ. However, it has the same specimen
limitations as the standard method. Floros et al. [86] applied a CZM for a symmetric
bonded joint between multidirectional laminates. In this case, modifications of the input
parameters and the traction-separation law are needed to effectively simulate the mixed-
mode fracture behavior of the joints.

The delamination in asymmetric composites has been consistently evaluated
using the MMB test. Kim and Mayer [87] tested the fracture toughness between mismatch
fiber directions. Pereira and de Morais [31] developed a compliance beam model to
predict the fracture of multidirectional asymmetric laminates. Shahverdi et al. [88, 89]
and Sev¢ik et al. [90] applied the global method for the analysis of asymmetric cracks
between two different composite materials. They modeled cohesive interface elements
based on an exponential traction-separation law to account for the effect of fiber bridging.
The contribution of mode | fracture increases the effect of fiber bridging.

The MMB test method has also been expanded to several different materials.
Oliveiraetal. [91] performed a numerical study in order to confirm the adequacy of MMB
test for fracture characterization of symmetric wood bonded joints. De Moura et al. [92,
93] applied an experimental compliance method for characterization of wood fracture.
Yoshihara [94] demonstrated that the CBT predicts with accuracy the mixed-mode
fracture of solid wood. Pereira et al. [95] tested the fracture of a relatively short beam
specimens made of bone material. Many authors applied the MMB test for the analysis
of symmetric metallic joints bonded [96-100]. Early study showed limitations to the
specimen design due to extensive adherend yielding [96]. Stamoulis et al. [99] and Doubri
et al. [100] successfully tested symmetric metallic joints using the standard procedure
[82]. Ben Salem et al. [97, 98] proposed a method simple beam theory with elastic
interfaces model to predict the damage development in bonded layers or interfaces.
However, a reliable determination of the interface separation law requires experimental
backface strain monitoring.

The most general applications of MMB tests concern the analysis of crack

propagation in specimens where both geometry and material properties of the arms are
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different. An early work performed by Soboyejo et al. [101] in a copper/molding
compound specimen demonstrated the potential use of dissimilar specimens for
interfacial fracture testing. Quispitupa et al. [102-104] evaluated the geometry of
sandwich specimens for the evaluation of face/core debonding. They revealed a

relationship between the fracture mode and the crack path.

2.3.4 Other testing methods
Apart from the already presented methods (ADCB, SLB and MMB), there are a

variety of different experimental methods can be found in literature for the mixed-mode
fracture characterization of composites and bonded joints. A classic experimental method
to determine the fracture parameters of bonded materials is the cracked lap shear (CLS)
test [105]. In CLS tests, the fracture mode ratio changes with the crack length and the
thickness ratio between the two arms of the specimen, and the contribution of mode |
fracture is limited. Moreover, an accurate measurement of the fracture energy during
propagation may be difficult due to crack growth instability. Therefore, the fracture
toughness is obtained only from the critical force.

Edde and Verreman [106] derived a closed-form analytical solution from the
stress analysis of the CLS specimen. Rhee [107] and Albertsen [54] evaluated the
delamination of unidirectional composites, Rhee and Chi [108] tested multidirectional
laminates, and Azari et al. [109] tested metal bonded joints. Lai et al. [110] derived the
fracture energy of CSL specimens using complex stress intensity factor [111]. Kanerva
[112] verified a considerable effect of residual stresses on the fracture toughness of
composite-to-metal CLS specimens. They stated that a 3D analysis is required to assess
the total fracture energy and mode ratio from hybrid CLS specimens.

Arcan et al. [113] proposed a method for testing fiber reinforced materials under
uniform plane-stress conditions. The test fixture allows testing a wide range of mixed-
mode set ups as well as the pure modes by means of a simple tensile loading. Jurf and
Pipes [114] proposed an adaptation of the method to accommodate a composite specimen
containing an embedded interlaminar crack. The same experimental method was applied
for the fracture analysis of isotropic materials [115] and wood [116] using the name of
compact tension shear (CTS) specimen. Pang [117] determined the fracture toughness of
symmetric bonded joints using a similar device. Rikards et al. [118] proposed an
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adaptation of the CTS specimen for testing unidirectional composite specimen with a
midplane crack. The modified version of Arcan specimen was applied in testing
composite delamination [119] and bonded joints with composite or metallic adherends
[120]. It has been shown that interfacial fracture toughness increases with the increase of
mode Il fracture. Additionally, a large scatter was observed in the results of composites
materials and an unstable crack growth occurred in all cases.

The end-loaded split (ELS) [121] was developed to evaluate the pure mode 11
fracture behavior of cracked specimens. In the ELS test, a load is applied at the cracked
end while the opposite end is clamped, producing the same curvature in both arms of the
specimen. Hashemi et al. [121, 122] applied a variation of the ELS for evaluating the
delamination of unidirectional symmetric FRPs under mixed-mode loadings. In the
mixed-mode end load split (MMELS) test, an opening load is applied at the cracked end
of one arm of the specimen while the opposite end is clamped. The work of Bao et al.
[123] showed that the fracture mode ratio changes with the crack length during the
MMELS test.

Kinloch et al. [124] proposed a modification to the MMELS test by employing
a sliding clamped end. The procedure was recalled as fixed-ratio mixed-mode (FRMM)
test as it allows obtaining a constant fracture mode ratio. For symmetrically cracked
FRMM tests, the ratio of mode | to mode Il loading is approximately constant throughout
the test at 4:3. Additionally, they successfully applied the global method to the
characterization of unidirectional fiber composites. However, the local singular-field
approach [111] failed to predict the fracture mode ratio of FRMM tests. Later on, Choi et
al [125] studied the delamination of multidirectional fiber composites using the beam
theory with corrections for crack tip rotation and large displacements. Furthermore,
Blanco et al [126] showed that the VCCT is able to predict the mode | and mode 11 fracture
for any thickness ratio while the beam theory was capable of modelling only the case of
a symmetric crack.

Benzeggagh et al. [127] suggested the cantilever beam opening notch (CBON)
test to evaluate the fracture toughness of unidirectional composite materials. The test
condition consists of a bending load applied at the upper surface of the uncracked free
end while the lower arm is rigidly clamped at the opposite end. The main drawback of

the CBON test is that it can only test over a very limited range of the fracture mode ratios.
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In addition, the mode ratio varies with the crack length. Another alternative is the imposed
displacement cantilever beam (IDCB) [58]. An initial displacement is imposed of the
lower arm before loading the specimen. During the test, an opening load is applied at the
upper arm while the uncrack end is fixed. The IDCB test is able to test over a wider range
of fracture modes. However, the mode ratio also varies with the crack length.

Fernlung and Spelt [128] proposed a testing jig that allows testing over the entire
range of mixed-mode fracture of adhesive joints and composite laminates by using a
symmetrically cracked specimen. The jig also permits the realization of pure mode tests,
namely the DCB for pure mode | and the ENF for pure mode Il, thus being versatile in
the context of fracture characterization. The fracture mode ratio is independent of the
crack length. The Spelt testing jig was also applied by Azari et al. [109] for obtaining the
fracture envelope of aluminum and steel bonded joints.

The dual actuator load (DAL) frame is a servo-hydraulic testing machine capable
of imposing asymmetric loadings on symmetric bonded specimens [129]. The method has
been applied to the fracture characterization of wood [129, 130], steel [131] and
composite [132] bonded joints. The method is able to provide a large range of mixed-
mode combinations. However, Chaves et al. [133] verified that the fracture mode ratio
may change significantly during crack propagation when a constant displacement rate is
imposed. To overcome this problem, Panettieri et al. [132] proposed a solution for
obtaining a constant fracture ratio based on the force feedback control of the actuator
position.

The double cantilever beam with uneven bending moments (DCB-UBM) was
proposed by Sorensen et al. [134] for mixed-mode fracture characterization. It requires a
special test fixture in order to create uneven bending moments on the two arms of a DCB
specimen. @stergaard et al. [135] tested measured the interface fracture toughness of
composite sandwich specimens. The DCB-UBM allows testing over the entire range of
mixed-mode fracture and the mode ratio is independent of the crack length.

Boyano et al. [136, 137] proposed a modification to the ENF test [49], inserting
aroller in the cracked part in order to promote mixed mode in unidirectional composites.
The ENF test with an inserted roller (ENFR) allows obtaining a wide range of fracture

modes with simple variations concerning the radius or the position of the inserted roller.
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The mode ratio changes during crack propagation as a set of values is provided with
increasing mode Il fracture.

Costa et al. [138] proposed an apparatus for measuring the toughness of metal
bonded joints relying exclusively on the load-displacement curve obtained from an
universal testing machine and the displacement from two linear variable differential
transformers (LVDT) connected to the specimen. It does not require visual crack length
measurement, instead deducing the crack length from the displacement obtained from
LVDTs.

2.4 Conclusion

This work summarized the current literature on the theories and experimental
procedures for the mixed-mode fracture characterization of composites and bonded joints.

A description was provided regarding the most relevant theories for fracture
characterization of delamination and debonding. The most applied methods rely on linear
elastic fracture mechanics (LEFM). Analytical solutions based on beam theory are
obtained for a simple beam-like geometries. Numerical solutions were developed
allowing the characterization of more complex geometries and contour conditions. The
virtual crack closure technique (VCCT) is the widely applied through the finite element
method (FEM) to calculate the fracture energy. Numerical solutions are usually employed
to the validation of more straight-forward analytical solutions. Literature reveals the lack
of simple and reliable methods for the mixed-mode fracture characterization of bi-
material bonded joints. Experimental and analytical solutions are a current object of
studies for the mixed-mode fracture characterization of specimens with geometrical and
material asymmetry.

The choice of experimental method to examinate the crack propagation depends
on several parameters, such as the available equipment, type of materials and the range
of fracture modes to be tested. Some testing methods, such as the ADCB and the SLB
tests, are shown to be easy and reliable procedures for evaluating the fracture performance
of composites and bonded materials. The require simple apparatus that are frequently
available to researchers. The main limitation of these methods is the capacity of testing
only a single fracture mode ratio from a specimen geometry. A second drawback is the
limited range of fracture modes allowed even with geometrical changes. Therefore, these
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test methods remain the best choice when a single fracture mode ratio is required and
feasible.

It is an important advantage when the testing method allows examining a wide
range of mixed-mode fracture ratios with only one simple specimen geometry. This saves
considerable effort from the stage of specimens manufacturing. On the other hand, the
requirement of a sophisticated apparatus may impose a significant disadvantage to the
project. A simple testing jig is usually preferred. In this case, the MMB test method seems
to be the most balanced option in terms of range, simplicity and reliability for examining

the fracture of a variety of materials under mixed-mode loadings.
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Chapter 3

The Strain-Based Methodology

The dissemination of composite materials introduces applications of hybrid structures
with composite and metal parts. The development of reliable methodologies to evaluate
the performance of these structures is required. In this Chapter, the mixed-mode fracture
behavior of a bi-material adhesively bonded joint is investigated. A new strain-based
criterion for the design of the mixed-mode bending (MMB) bi-material specimen is
suggested. A new analytical partitioning method, based on beam analysis, is proposed
and tested on a composite-to-metal bonded joint and compared with a finite element
model using the virtual crack closure technique (VCCT). The results show that the
proposed strain-based design methodology can be successfully used in MMB test for bi-
material joints. The fracture mode partitioning is accurately predicted by the strain-based
partitioning method (SBM). However, the total fracture energy predicted by the analytical
method can be inaccurate due to a significant effect of transverse shear in thick specimens.

Keywords: fracture mechanics, fracture toughness, mixed-mode fracture, MMB test,
strain-based partitioning method (SBM), bi-material bonded joints, finite element

analysis.

This chapter is based on the journal article: “Strain-based methodology for mixed-mode I+l fracture: A
new partitioning method for bi-material adhesively bonded joints”, published in The Journal of Adhesion
95(5-7):385-404 (2019).
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3.1 Introduction

In recent years, composite materials have become widely used in structural
applications. This technology has been developed in aerospace industry [1] and
disseminated to numerous fields, such as automotive [2], marine [3] and construction [4].
Fiber-reinforced polymers (FRPs) are most commonly applied due to their high strength-
to-weight ratio. The dissemination of these materials introduces applications of hybrid
structures with composite and metal parts [5]. Adhesive bonding is the most efficient
technology in terms of weight and performance to join these two materials. The advent
of composite-to-metal bonded joints requires the development of reliable methodologies
to evaluate the performance of these structures [6-8].

Fracture mechanics is an important instrument to improve the design and
performance of adhesively bonded structures. Imperfections present within materials are
points of stress concentration and therefore fracture initiation. Fracture mechanics models
the defect as a crack and evaluates if its size overcome the critical fracture size leading to
structural failure. The strain energy release rate (SERR) is the most important property to
consider in the calculation of fracture toughness of cracked structures. The crack
propagation occurs when the available energy at the crack tip (G) exceeds the critical
energy for crack propagation (Gc) [9]. In-service structures are commonly subjected to a
combination of peeling and shear stresses. This means that a combination of modes I and
Il loadings occur at the crack tip.

A variety of mixed-mode fracture test methods has been developed for
evaluation of the mixed-mode (I+11) fracture toughness. The crack lap shear (CLS) test
[10] has been widely used for characterization of the fracture toughness of adhesively
bonded joints. The asymmetric double cantilever beam (ADCB) test [11] was suggested
from a generalization of the DCB test using a specimen with asymmetric arms. The
single-leg bending (SLB) test [12] has proposed as a three-point bending test with one
extremity supported only by the specimen upper arm. However, these test methods have
a limited range of mode-mixities with small contribution of mode Il. Different mixed
mode ratios can only be obtained by changing the thickness ratios of the upper and lower
arms, which requires the manufacture of specimens with different geometries.

Several mixed-mode fracture test methods have been proposed for the
characterization of a wide range of mode-mixities [13-18]. Some of these works are
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adaptations of pure mode test methods [13-15]. Other authors developed testing jigs that
induce a combination of opening and shear loadings to the specimen [16-18]. Among
them, the mixed-mode bending (MMB) test [17] stands out for its easy implementation,
reliability and capability of testing a wide range of mode-mixities with only one specimen
geometry.

The MMB test method was originally developed for evaluation of delamination
in unidirectional composites [19-20]. A number of authors evaluated symmetric and
asymmetric delamination of multidirectional composites [21-23]. A recent work
addressed the fracture toughness in dissimilar composite bonded joints [24]. Few works
addressed mixed-mode fracture of metal bonded joints [25-27]. They show that the MMB
test presented a difficulty due to extensive adherend yielding. Tests with wood bonded
joints [28-30] and bone fracture [31] can also be found in the literature. However, no
work is available on mixed-mode fracture of composite-to-metal bonded joints.

The linear elastic fracture behavior of a bonded joint can be predicted using finite
element analysis. A number of formulations are available in literature for mixed-mode
failure of bonded joints [32-33]. Among them, the virtual crack closure technique
(VCCT) is widely applied and commonly available in most of the commercial softwares
of finite element analysis. The VCCT is based on the assumption that the energy released
when the crack is extended a crack tip element size is identical to the energy required to
close the crack in the same length. This is an accurate method for calculation of the
fracture energy at the crack tip in homogenous materials [33]. However, when the crack
is located in a bi-material interface, the mode partitioning become sensitive to the crack
extension length [34]. One method proposed by literature to circumvent this problem is
the introduction of an interlayer between the crack interface and placing the crack within
it [23-24]. The crack propagation occurs within a homogeneous path where the mode
partition is not sensitive to the crack length.

In this Chapter, the mixed-mode fracture behavior of a bi-material adhesively
bonded joint is investigated. The aim is to propose and evaluate a new strain-based
criterion for the design of MMB bi-material specimens and a new analytical partitioning
method to characterize their fracture behavior under mixed-mode loadings. A composite-

to-metal adhesively bonded joint is used as a case study to evaluate the proposed method.
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3.2 Analytical model for bi-material bonded joints

The strain energy release rate of a cracked material can be defined as [35]:
1 (dUe dUS)
da da

"B

(3.1)

Where B is the specimen width, a is the crack length, Ue is the external work and
Us is the strain energy. The formulation for the total fracture (G) is then obtained for linear
elastic material behavior [36]:

1 (M% LM _(M1+M2)2) 2

G=—
2B\E;l; E,L Eeqleq
Where Ez, I1, E2, I2, Eeq and leq are the flexural longitudinal moduli and second moments
of area in the section of the crack tip of the upper arm, lower arm and beam, respectively.
M1 and M are the bending moments on the section of the crack tip in the upper and lower
arms, respectively. This equation is valid for a crack propagation along a defined path

between two arms under bending moments, as shown in Figure 3.1.

Ef‘TI‘T Efeqleq
N {

w {1 o ]
’ h M+-+Ma

M2 h2
L L

Enl2
—a

Figure 3.1: Crack propagation parameters.
Regarding the MMB test, mixed-mode fracture is induced by opening and shear

loadings applied to the specimen. A schematic of the MMB test set-up is shown in Figure
3.2.
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Figure 3.2: Schematic of the MMB test.

Where L is the half-span, P is the test load, c is the lever length, Pg is the lever
weight, and cg is the distance of the lever center of gravity. The resulting bending

moments are:

M, = ma (3.3)
L
M, = P(L—c¢c)+ Py(L - cg) . (3.4)

2L

The total fracture energy of a MMB test can be obtained by replacing Equations
(3.3) and (3.4) in Equation (3.2). However, it is essential to distinguish the contribution
of mode | and mode Il fracture in order to characterize the mixed mode fracture behavior
of the structure.

Literature suggests different methods for the partitioning of mixed-mode
fracture [37]. The so-called ‘global method’, proposed by Williams [35] was one of the
earliest analytical methods that successfully identified the pure modes fracture and
mixed-mode partition of specimens under bending moments. Williams partitioning
method (WM) is based on the following two assumptions for the fracture mode

separations:
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(i) pure mode | exists when opposite moments act on the joint arms, i.e. M; = M; and
M, = —My;

(i) pure mode 11 is obtained when the curvatures of the two arms are the same, i.e. M; =
M;; and M, = yMy;, where v is defined as the bending stiffness ratio of upper and lower

arms, as:

v @9

Based on these two assumptions, one can obtain:
M; =My — M (3.6)
M; = yMy + M; (3.7)

Substituting (3.6) and (3.7) in (3.2), the fracture energy can be partitioned in

mode |, when M;; = 0, and mode I, when M; = 0. G and Gy are then given by:

WM —Mp2 11
G = 2B(y + 12 \E{]4 + E,l, (3.8)
My +Mp)?2 (1 (y+1)
G = 2By + 1) \Eil;  Eggleg (3.9)

Similar formulations for delamination of composite materials can be found in
the literature [20, 24]. However, WM is only able to give the correct partition of
symmetric specimens and is limited on the prediction of fracture behavior in asymmetric
geometries and materials [37].

A recent study [38] has proven that in the case of bi-material bonded joints, i.e.,
arms of different material, simply guaranteeing opposite moments, as assumed by the
global method, i.e. M; = M; and M, = —My, is not sufficient to guarantee pure mode |
and introduces a certain amount of mode Il fracture. That same study proves that to assure
pure mode | in bi-material bonded joints, the longitudinal strain distribution at the faying
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surfaces of both arms must be identical. Therefore, the assumption of pure mode I is
replaced by:
(i) i.e. M; = M; and M, = —BM;, where B is the longitudinal strain ratio of upper and

lower arms, defined by:

_ E;h3

Based on the new assumption for pure mode | and preserving the assumption of

pure mode 11, one can obtain:
M1 = MII - MI (311)
M; = yMj + BM; (3.12)

The strain equivalence between arms assures pure mode | fracture while pure
mode Il is obtained when the curvatures of the two arms are the same. When the strain-
based design equivalence geometry is adopted for the design of the MMB specimens, i.e.,
the arms of bi-material bonded joint geometry are chosen such as E;h3 = E;h? (B = 1),
equations (3.11) and (3.12) reduce to (3.6) and (3.7) and the fracture mode partitioning is
obtained from Equations (3.8) and (3.9).

3.3 Experimental procedures

In order to test the proposed methodology, a test campaign has been conducted
in which MMB tests were performed in composite-to-metal bonded joints. The geometry

of the joint was designed to satisfy the criterion of strain equivalence (B = 1).

3.3.1 Materials and specimens

Composite-to-metal test specimens were manufactured. A 6.35 mm thickness
(h1) carbon steel plate (oy = 250 MPa) was taken as metal adherend. Carbon fiber fabrics
with a nominal area weight of 424 g/m? (LTC450-C10-C, DEVOLD AMT, Langevag,

Norway) were selected to make the composite adherend. Each fabric is composed of two
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orthogonal plies of unidirectional fibers. An epoxy resin (PIPEFIX, Novatec, Rio de
Janeiro, Brazil) was chosen as impregnation resin of the composite. The adhesive material
is an epoxy (NVT201E, Novatec, Rio de Janeiro, Brazil). Mechanical properties of the
materials are shown in Table 3.1. The mechanical properties of the materials were

obtained from a previous work [39].

Table 3.1: Mechanical properties of the materials.

Material Elastic Modulus, E11 (GPa) Poisson’s Ratio, vi2
Steel 200 0.27
Composite 0/90 46 0.24
Adhesive 2.25 0.38

The manufacturing process tried to mimic as much as possible the application of
composite patch repairs in oil and gas production platforms [40]. Surface preparation of
the steel plate was achieved with grit blasting of G-40 steel grit and degreasing with
acetone. An anti-friction material was applied over the steel surface to produce the pre-
crack. The adhesive was then applied over the treated steel surface. One layer of glass
fiber dry chopped strand mat with a density of 300 g/m? was applied to avoid direct
contact between carbon fibers and metal. Then, the hand lay-up process started by
alternating application of carbon fiber fabrics layers and the impregnation resin. Finally,
a layer of peel ply was applied over the last composite ply in order to produce a smoother
outer surface. The number of composite plies was determined in order to comply with the
strain-based design criterion (B = 1). The final lay-up consisted of a [0/90]20 carbon fiber
reinforced polymer (CFRP). The curing process was performed at room temperature for
2 hours.

A CFRP-to-steel plate was manufactured (180 x 400 mm) with total thickness
(h) of 20.3+0.7 mm and cut to specimens of 180+1 mm length and 25+1 mm width (B).
Measurements were obtained with a digital caliper from three different regions: 30 mm
from the sides and at the half-length of the specimens. Finally, aluminum end-blocks (25
x 15 x 7 mm) were bonded to the specimens using an epoxy adhesive, producing a initial

crack length (ao). Specimen geometry and boundary conditions are shown in Figure 3.3.
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Figure 3.3: Specimen geometry and boundary conditions.

3.3.2 Test set-up

In the MMB test, a load (P) is applied by the yoke on the loading rollers attached
to the lever and loaded just above the mid-plane of the test specimen. The lever applies
the opening (P1) and shear (Pn) loadings on the specimen in a ratio defined by the lever
length (c). The contribution of shear loading increases when the lever length is reduced.
A typical MMB test apparatus [41] was used in the test, as shown in Figure 3.4. The lever
weight (Pg) is 17.3 N. The test set-up was chosen to have the steel arm on top in order to
avoid crack migration to the composite layers.

The side of the specimens was coated with a water-based correction fluid and
millimeter paper was placed for crack length measurements. A high-resolution camera
system was positioned to take photos of the crack side. Crack propagation points were
acquired from the photos. Strains gauges were used in order to measure the longitudinal
strain. Six strain gauges (KFG-5-120-C1-11, Kyowa Electronic Instruments, Tokyo,
Japan) were glued at the free surfaces of the specimen (four on the steel adherend and two
on the composite adherend). Tests were performed in a servo-hydraulic testing machine
(MTS 831, MTS Systems Corporation) coupled with a 10 kN load cell. The procedure

was configured for a constant displacement of 0.5 mm/min.
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Figure 3.4: Photo of the MMB test set up.

3.4 Numerical model

A 2D finite element (FE) model was developed in Abaqus Standard (version
2019.HF2). The numerical model is intended to calculate the strain fields in the specimen
and the fracture energy at load-crack length points obtained from the of the experimental
results. The geometry, loadings and contour conditions were applied in order to simulate
the of the MMB test configuration. The specimen supports were modelled as a constraint
from all displacements and rotations around x and y axis, on the left side, and a constraint
from displacements in y direction, on the right side, as shown in Figure 3.3. The opening
load (P1) was applied in the right top end and the shear loading (Pu) was applied in the
center top surface. In this case, isotropic materials were selected with the properties
derived from Table 3.1. A FE mesh with 4-node bilinear plane strain quadrilateral solid
elements (CPE4) was applied in the whole model. Elements of the same size were applied
in both sides of the crack and the aspect ratio of the elements in the vicinity of the crack
tip was maintained at 1/1. Non-linear effects of large deformations and displacements are
considered in the analysis.

The VCCT was applied for calculation of the fracture parameters. This method
is implemented as a crack propagation tool in Abaqus. The crack propagates when the
fracture energy around the crack tip exceeds a critical value. Since the simulation of the
damage progression is not the aim of this study, high values of critical SERR were

inserted to assure that the crack will not propagate. This allows obtaining the fracture
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energy at defined crack propagation points. A crack propagation between different
materials leads to dependent results on the element size around the crack tip. In order to
circumvent the problem, literature suggests the model of an artificial interlayer around
the crack [23, 24]. Therefore, a thin symmetric layer with adhesive properties (see Table
3.1) was modelled in both sides of the crack, resulting a total adhesive layer of 0.4 mm
thickness, as shown in Figure 3.5. The effect of the adhesive layer on the stiffness of the

arms is negligible.

metal arm

0.2 mm
adhesive layer
0.2 mm

composite arm

Figure 3.5: Detail of the FE mesh near the crack tip.

A crack length (a) of 30 mm was defined for the mesh sensitivity analysis. A
nonlinear-elastic analysis was performed, and the results of the mesh sensitivity analysis
are shown in Figure 3.6. The calculated fracture mode ratio (Gu/G) of the model without
adhesive layer presented dependent on the element size around the crack tip (Aa) and did
not represent the actual fracture development. However, the fracture mode ratio of the
model with adhesive layer showed to be independent from the element size. A global
mesh with elements of 0.1 mm was chosen for the determination of fracture energy at

crack propagation points.
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Figure 3.6: Mesh sensitivity analysis.

3.5 Results and discussion

3.5.1 Experimental results

A total of ten specimens were tested with five different test parameters. The test
parameters are detailed in Table 3.2. Figures 3.7, 3.8, 3.9, 3.10 and 3.11 show the load
and crack-displacement curves of each test configuration. There is an acceptable scatter
in the load-displacement curves of similar test parameters. Some non-linearity may occur
in the beginning of the test due to accommodation of the test apparatus. The first test
series, Tests 01 and 02 (Figure 3.7), was performed with an initial crack of 45 mm. This
initial crack length was reduced to 30 mm, in Tests 03 and 04 (Figure 3.8), in order to
increase the propagation zone. Then, the lever length was changed between series in order
to change the fracture mode ratio. It is observed that the test loadings are higher when
using lower lever lengths. This was expected since the reduction of the lever length
decreases the mode | fracture component, and the contribution of mode | loading has a
major influence in the crack propagation. Figure 3.12 shows images of the typical final
fracture surfaces taken from an optical microscope. All tests exhibited cohesive fracture

within the adhesive layer.

Table 3.2: Test matrix.
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a)

Load (N)

Load (N)

Lever length, ¢ Lever center of gravity, ¢y Initial crack, ag

Test
(mm) (mm) (mm)

01 104 38 45
02 104 38 45
03 104 38 30
04 104 38 30
05 78 32 30
06 78 32 30
07 64 29 30
08 64 29 30
09 50 27 30
10 50 27 30
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Figure 3.7: Load and crack length curves of Tests (a) 01 and (b) 02.
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Figure 3.8: Load and crack length curves of Tests (a) 03 and (b) 04.
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Figure 3.9: Load and crack length curves of Tests (a) 05 and (b) 06.
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Figure 3.10: Load and crack length curves of Tests (a) 07 and (b) 08.
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Figure 3.11: Load and crack length curves of Tests (a) 09 and (b) 10.
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Figure 3.12: Fracture surfaces of (a) composite lower adherend and (b) metal upper
adherend.

3.5.2 Validation of the numerical model

For validation of the numerical model, the strains obtained from the strain gauges
during experiments were compared with the FE model at loading vs. crack size specific
points. Two loading cases at the crack length of 45 mm and 55 mm were considered from
Test 02. The numerical strain curves were obtained along the steel and composite outer
surfaces at half-width — location of the strain gauges. Figures 3.13 and 3.14 show the
comparison between numerical and experimental longitudinal strain. The length axis is
defined from the application point of the opening load. There is a good agreement

between numerical and experimental results.
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Figure 3.13: Test 02 strain along steel (upper graph) and composite (lower graph)
surfaces at load of 456 N and crack length of 45 mm.
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surfaces at load of 432 N and crack length of 55 mm.

3.5.3 Fracture energy
Linear elastic condition is required for the calculation of fracture energy using
the analytical approach. To assure that, numerical simulations were performed with
experimental loading-crack propagation points. The maximum strain in the metal arm
was obtained in every 5 mm of crack propagation. As shown in Figures 3.13 and 3.14,
the region of maximum strain coincides with the crack tip length and the strain increases
with the crack size. Additionally, the FE model of the MMB test presented significant
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stresses only in the longitudinal direction. Figure 3.15 shows the maximum strain during
crack propagation for each tested lever length (c). The metal yielding point imposes a

limitation for the analysis of the test results using a linear elastic model.
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Figure 3.15: Maximum steel arm strain during crack propagation.

The numerical and analytical SERR was calculated from test propagation points
in the region of linear elastic behavior. Figures 3.16, 3.17, 3.18, 3.19 and 3.20 show the
total fracture energy (G) of each test. The analytical curves were obtained using the SBM
(Equations 3.8 and 3.9), and the numerical curves were obtained using the finite element
model (FEM/VCCT). It is observed that the analytical fracture energy increases as the
crack propagates while the numerical fracture energy remains in a narrow range. There is
a considerable difference between analytical and numerical results in the first propagation
point (30 mm) and the difference reduces as the crack propagates. However, the fracture
energy becomes similar when the crack length reaches 60 to 65 mm. This can be
explained by the fact that the analytical methods consider only the deformation due to
bending when determining the energy but neglect the shear effect. The latter is significant
when testing thick beams and becomes smaller as the thickness to span ratio decreases.
In the early stages of propagation, the thickness to crack length ratio is significantly higher
than at further propagation stages when the crack length increases. Therefore, the effect
of shear stresses decreases as the crack increases, hence the analytical results get closer

to the numerical ones.
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The analytical and numerical fracture mode partitioning (Gi/G) are shown in

Figure 3.21. Even though the analytical method did not give very accurate predictions of

the total fracture energy, it calculated with good accuracy the fracture mode ratio of the

tests. The difference between the fracture mode ratio obtained with analytical and

numerical models is limited to approximately 3%. Therefore, the SBM is able to

determine the fracture mode of remarkably asymmetric specimens.
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Figure 3.16: Total fracture energy of Tests (a) 01 and (b) 02.
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Figure 3.17: Total fracture energy of Tests (a) 03 and (b) 04.
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Figure 3.18: Total fracture energy of Tests (a) 05 and (b) 06.
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Figure 3.20: Total fracture energy of Tests (a) 09 and (b) 10.
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Figure 3.21: Fracture mode partitioning of the different test configurations.
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3.6 Conclusion

The mixed-mode fracture behavior of a composite-to-metal adhesively bonded
joint was investigated. A new strain-based criterion for the design of the mixed-mode
bending (MMB) bi-material specimen was suggested. A new analytical partitioning
method was proposed — the strain-based partitioning method (SBM) — and tested on a
composite-to-metal bonded joint. A finite element model of the tests was developed and
validated with strain gauges. The fracture energy was obtained from the numerical model
using the VCCT. Analytical and numerical results were compared and conclusion can be
drawn.

The MMB test method showed potential for the experimental evaluation of the
mixed-mode fracture of bi-material bonded joints. The new strain-based specimen design
was successfully applied to the MMB test although the metal yielding point imposes
limitations on the maximum contribution of mode Il fracture in the MMB test.

The SBM successfully predicted the fracture mode partitioning of bi-material
bonded joints. However, it is necessary to cosider the transverse shear effect in order to
obtain accurate values of the total fracture energy of thick specimens.

A finite element model of the MMB test using the VCCT with a bi-material joint
produces mesh size dependent results. This problem can be circumvented by modelling a
thin layer with the same material on both sides of the crack. Then, the total fracture energy

and mode ratio of bi-material cracks can be predicted.
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Chapter 4

Parametric Study

The goal of this Chapter is to evaluate the strain-based partitioning method (SBM), an
analytical method based on beam analysis, for the mixed-mode fracture characterization
of asymmetric cracks. The fracture energy is calculated at the crack tip of mixed-mode
bending (MMB) test with asymmetric geometry and material parameters. The fracture
energy obtained using SBM is benchmarked against the widely applied Williams’
partitioning method (WM) and numerical results from finite element models using the
virtual crack closure technique (VCCT). Results show that WM produces inaccurate
fracture modes in asymmetric conditions. However, if using SBM, the fracture mode ratio
of bi-material cracks was obtained with accuracy. SBM describes a coupling function
between mode | and mode Il fracture that allows the mode partitioning as long the
specimen complies with a simple design criterion based on the longitudinal strain
equivalence between arms. Experimental results of composite-to-metal bonded joints
support the results of the parametric study. SBM showed to be a simple and reliable

solution for the mixed-mode fracture characterization of bi-material cracks.

Keywords: fracture toughness; crack propagation; mixed mode fracture; strain-based
method (SBM); interfacial fracture, delamination; bi-material bonded joints; finite

element analysis.

This chapter is based on the journal article: “Evaluation of the Strain-Based Partitioning Method for Mixed-
Mode I+l Fracture of Bi-Material Cracks”, under review in The Journal of Adhesion.
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4.1 Introduction

Adhesive bonding technology is the most efficient method in terms of strength-
to-weight ratio and design flexibility for joining composites to other materials, such as
metals [1]. This leads to the application of bonded structures between dissimilar materials
with asymmetric interfaces, the bi-material bonded joints. First applications of bi-material
structures are found in aerospace industry [2-4] and nowadays have become essential in
many other fields, such as automotive industry [5], maritime [6-7] and civil construction
[8]. In addition, laminated composite structures usually have multidirectional sections
due to different fiber orientations, which also result in asymmetric interfaces. The
emergence of new structures and applications requires the development of new
methodologies for optimizing design and assuring structural integrity.

The fracture mechanics approach is widely applied to improve the design and
evaluate the performance of structures. In the cases of delamination and debonding, the
crack usually propagates along an interface. In real-life application, interfacial fracture
often propagates in a combination of opening (mode I) and shear (mode I1) loadings.
Chaves et al. [9] indicated that there is a need for development of new methodologies for
the characterization of mixed-mode (I+11) interfacial fracture. In mixed-mode fracture,
not only the total fracture toughness must be determined but also the proportion of mode
I and mode Il fracture. Hence, it is essential to develop reliable methods for evaluation of
asymmetric crack propagation under mixed-mode I+I1 loadings.

A variety of experimental procedures is available for mixed-mode fracture
testing. The asymmetric double cantilever beam (ADCB) test [10] is a simple solution
but allows only testing a limited range of low mode Il. The asymmetric tapered double
cantilever beam (ATDCB) test [11] also presents a limited partitioning range and has
higher manufacturing complexity. The mixed-mode flexure (MMF) test [12-13], also
called single leg bending (SLB) test [11], is another simple solution to characterize
mixed-mode fracture. However, the test is limited to small range of mode | contribution.
The over-leg bending (OLB) test [15] allows obtaining a greater crack length but has the
same limitation of the SLB test. The mixed-mode bending (MMB) test [16-17] stands out
for its easy implementation and capability of testing a wide range of partitioning ratios
with only one specimen geometry. The MMB test method was originally developed for
fracture propagation of unidirectional symmetric composites and was later extended to
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multidirectional laminates [18-20]. Other applications include metal bonded joints [21-
23], wood bonded joints [24-26] and bone fracture [27].

A reliable method to determine the fracture toughness of a cracked structure
relies on the finite elements method (FEM) in combination with the virtual crack closure
technique (VCCT). The VCCT is based on the assumption that the energy released when
the crack is extended a crack tip element size is identical to the energy required to close
the crack in the same length [28]. This method has been successfully applied for
calculation of the fracture toughness at the crack located between different materials [28-
29]. The VCCT is commonly applied for fracture characterization in research and
development projects. However, numerical solutions have limited industrial application
due to high implementation costs.

Analytical methods based on beam theory analysis have arisen as a simple
approach for the fracture characterization. Williams [30] proposed a solution for the
calculation of the total fracture energy and mode ratio of a given specimen geometry and
testing condition. Williams [31] and Wang and William [32] proposed corrections factors
to the mode | and mode 1l fracture modes for accounting the effects of shear deformation
and deflection at the crack tip. Shahverdi et al. [33] applied the same assumptions of
Williams™ partitioning method (WM) [30] to the delamination of a multidirectional
composite. These analytical solutions are reliable in the cases of symmetric specimens,
where both sides of the crack have the same material and geometry. However, they
showed to give inaccurate results for the fracture mode ratio when the crack propagates
in an interface between different materials [34-35]. Innovative solutions are required for
the analysis of multilateral structures.

The mixed-mode fracture characterization of asymmetric cracks has been object
of recent studies [36-37]. Valvo [38] developed a solution based on simple kinematic
assumption for obtaining the fracture mode ratio of delaminated beams under general
loading conditions. His work evidenced the influence of curvatures, strains and
thicknesses of the arms on the determination of pure modes. Alternatively, Wang et al.
[39] proposed a longitudinal strain equivalent geometry between arms for the pure mode
| fracture characterization of bi-material bonded joints. Then, Arouche et at. [40] extended
this criterion for the mixed-mode fracture characterization of asymmetric cracks and

introduced a new method: the strain-based partitioning method (SBM). It showed to be
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an easy and consistent method to obtain the fracture mode ratio of bi-material cracks.
However, more studies are required on the performance of the SBM considering
parameters of materials and geometry.

The present study aims to evaluate the SBM for the mixed-mode fracture
characterization of asymmetric cracks. The widely applied WM is also verified for
comparison between the analytical methods. The performance of both methods is studied
on a wide range of geometrical and material asymmetry between crack sides. The fracture
toughness obtained from the analytical methods are benchmarked against numerical
results of finite elements models of MMB tests using the VCCT. Finally, the application
and limitations of the SBM are verified in a study case with composite-to-metal bonded

joints.

4.2 Analytical models

The strain energy release rate (SERR) is the most important property to consider
in the calculation of fracture toughness of cracked structures. For linear elastic behavior,
the total SERR can be obtained by the balance of fracture energy through the following

equation:

1,60, &Ug
i _ 3.1
G B( ba 6a ) (1)

Where B is the width of the specimen, Ue is the external work performed, Us is
the strain energy and a is the crack length. The analysis considers a region ABCD
mechanically affected by the presence of a crack under pure bending moments, as shown
in Figure 4.1.

Figure 4.1: Beam analysis under pure bending moments.
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The upper and lower arm thickness are hi and hz, and the bending moments
applied on the upper and lower arms are M1 and Mz, respectively. The angles ®o, @1 and
@ represent the slopes of the beam, upper arm and lower arm, respectively. When the

crack grows a length da from O on section AB to O' on section CD, the external work is:

U, 5b, & 5b, &

For pure bending, the change in angle is given by:

50 M
2= (4.3)

Where M is the moment, E is the flexural modulus and I is the second moment

of area. Similarly, the strain energy is:

3Us _ MP | M3 (My+My)?

— = 4.4
oa 2E1[1 + 2E212 ZEqueq ( )

Where Eu, 11, E2, I2, Eeq and leq are the flexural longitudinal moduli and second
moments of the area in the section of the crack tip of the upper arm, lower arm and total
specimen, respectively. Substituting (4.2) and (4.4) in (4.1), it can be reduced to the

equation of the total fracture energy:

G

1 (M% L _(M1+M2)2) (45)

T 2B\E;l;  Bpl,  Eegleg

Equation (4.5) allows determining the total fracture energy of a crack between
two arms. However, it is essential to the characterization of the mechanical behavior to

define the contribution of mode | and mode Il fracture.
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4.2.1 Williams’ partitioning method
Williams [30] proposed a partitioning method (WM) based on the assumptions

that: (i) pure mode | exists when opposite moments act on the joint arms; and (ii) pure
mode Il is obtained when the curvature in the two arms are the same. This means:
l\/[1 = MII — MI (46)
M2 = \VMII + MI (47)

Where the bending stiffness ratio between upper and lower arms is:

_ Exlp

Substituting (4.6) and (4.7) in (4.5), the equation of the total fracture energy can
be reduced to:

G= L [MIZ (“’ * 1) + M2 <“’ ty'_a+ "’)zﬂ (4.9)

2B E,l, Esl;  Eegleg

Notice that no cross-product term is observed. Therefore, the partitioning can be
obtained by rewriting Equation (4.9) as function of M and Mu:

f(My, Myp) = fi(Mp) + f;(Myp) (4.10)

Finally, the equations of mode | and mode Il fracture can be written as:

M? (y+1
=_L 4.11
G =38 < E,l, ) (4.11)
G, = Mi(vty? () (4.12)
IT=2B\ E,;L, Eeqleq '
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G = GI + GII (413)

WM is widely applied in the fracture characterization of symmetric cracks.
However, literature has shown that it does not predict with accuracy the fracture mode
ratio of cracks between asymmetric arms [18, 33-34]. The assumptions do not describe
with precision the interaction between mode I and mode 1l fracture. Therefore, it is not
recommended for the characterization of asymmetric cracks.

4.2.2 Strain-based partitioning method

The strain-based partitioning method (SBM) [40] introduced a new criterion for
the fracture mode partitioning. The main difference in comparison with the WM lies on
the condition for pure mode I: it incorporates the condition of strain equivalence for mode
pure mode I, identified by Ouyang [41] and confirmed by Wang et al. [39]. In the case of
pure mode I, similarly to WM, the SBM assumes that it is produced when both arms
have the same curvature, as observed by Mollon et al. [42]. Therefore, the partitioning
assumptions become: (i) the longitudinal strain distribution at the faying surfaces of both
arms must be identical in order to produce pure mode I; and (ii) pure mode |1 is obtained

when the curvature in the two arms are the same. This gives:
M; = My — M; (4.14)
M; = yMj + BM; (4.15)
Where the longitudinal strain ratio between upper and lower arms is:

E,h2
B=—"o0
Elhl

(4.16)

Substituting Equations (4.14) and (4.15) in Equation (4.5), the equation of the

total fracture energy is obtained:
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Equation (4.17) shows that the mode | fracture energy affects the mode 1l
fracture energy and vice-versa. Consequently, the equation can only be written in the form

of:

f(My, M) = fi(Mp) + f;;(Myp) + f.(My, Myp) (4.18)

Equation (4.18) displays a coupling function fc (Mi, Mn) beyond the functions of
pure mode | and pure mode Il — fi (M) and fu (M), respectively. This implies that the
fracture mode partitioning is obtained when the coupling function fc (Mi, M) is zero.
This is achieved in the condition of B = 1. Therefore, the specimen design condition of

longitudinal strain equivalence has to be satisfied. It means:

E,h? = E,h3 (4.19)

In this case, the mode | and mode Il equations of fracture energy are the same as
in WM — Equations (4.11) and (4.12). However, WM does not reinforce any specific
specimen design since it was derived for symmetric specimens in which f is always equal
to 1. It ignores the coupling function that contributes to the total fracture energy. This is
believed to be the reason why WM is inaccurate if applied to asymmetric specimens
where the longitudinal strain-based design criterion is not applied (B # 1). This

assumption will be verified in this paper.

4.3 Numerical models

A virtual mixed-mode bending (MMB) test was chosen to evaluate the analytical
fracture characterization method. In this test, a loading is applied through a roller attached
to a lever and loaded just above the mid-plane of the test specimen, as shown in Figure
4.2. The test loading (P) is decomposed in opening (Pi) and shear (Pu) loadings in a
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constant ratio determined by the lever length (c). A longer lever length ¢ produces a
fracture with higher portion of mode I.

. Saddle
I c |
Center of gravityipg Lever
|t C g eti] N
Pi P P \Yoke
End-blocks I Speci
ecimen
S P |
| )
i o
Loading roller
| L f L !
Base

Figure 4.2: MMB test scheme.

A 2D finite element model was created in Abaqus Standard (version 2019.HF2).
Figure 4.3 shows the geometric features of the model: 70 mm half-span (L) and 50 mm
crack length (a). The upper and lower arm thicknesses (h:1 and hz, respectively) and
materials (E1 and Ez, respectively) are the parameters varied in the analysis. Loads and
boundary conditions were applied to the model in order to simulate the MMB testing
conditions. Mode | and mode 11 loads (Pi and P, respectively) were derived from a test
load (P) of 100 N, according with the applied lever length (c). The specimen supports
were modelled as a constraint from all displacements and rotations around x and y axis,
on the left side, and a constraint from displacements in y direction, on the right side, as
shown in Figure 4.3. The left bottom end was only constrained from displacements in y
direction. Plane strain 4-nodes bilinear quadrilateral elements (CPE4) were applied in the
whole geometry. Non-linear effects of large deformations and displacements are included

in the analysis.
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Figure 4.3: MMB specimen.

The virtual crack closure technique (VCCT) was applied for calculation of the
mode | and mode Il fracture energy. High values of critical fracture energy were inserted
to ensure that the crack did not propagate. This allows obtaining the fracture energy at
defined crack propagation points. The mesh sensitivity analysis was performed in two
models with different conditions of asymmetry. The first model is an asymmetric crack
between arms of the same material, and the second model is a bi-material crack. Both

studies will be discussed hereafter.

4.3.1 Asymmetric crack within the same material

A mesh sensitivity analysis was performed on an asymmetric crack between
arms of the same material. The model consists of an MMB test specimen with an upper
arm thickness (h1) of 1.50 mm and a lower arm thickness (hz2) of 3.00 mm. An elastic
isotropic material was applied to both arms with elastic modulus (E1 and E2) of 70 GPa
and Poisson’s ratio (vi and v2) of 0.33. The test loadings refer to lever length (c) of 61
mm. Figure 4.4 shows the fracture mode (Gi/G) obtained from the node at the crack tip,
using different square element sizes. As can be seen, the model achieved good
convergency. The mesh with elements of 0.20 mm presented a variation of 0.72% in the
mode | fracture energy and 1.02% in the mode Il fracture energy to the model with 0.10
mm elements. Therefore, the model with 20700 elements of 0.20 mm was selected for the

numerical calculation of the fracture parameters, as shown in Figure 4.5.
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Figure 4.4: Fracture mode of an asymmetric crack within arms of the same material, in

terms of the element size.
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Figure 4.5: Mesh of model with arms of the same material.

4.3.2 Bi-material crack

A second mesh sensitivity analysis was performed on a crack between arms
made of different materials. The model consists of an MMB test specimen with an upper
arm thickness (h1) of 2.12 mm and a lower arm thickness (h2) of 3.00 mm. Elastic
isotropic materials were applied to both arms, with elastic modulus of the upper (E1) and
lower (E2) arms of 140 GPa and 70 GPa, respectively, and Poisson’s ratio of 0.33 in both
arms (v1 and v2). In order to avoid mesh size dependent results in cracks between different
materials, literature recommends modeling a thin interlayer and make the crack
propagates within it [28, 34]. Therefore, a 0.10 mm adhesive layer was inserted on both
sides of the crack. The adhesive has elastic modulus of 2.25 GPa and Poisson’s ratio of

0.38, and the inserted layer is thin enough to have a negligible effect (< 1%) on the
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stiffness of the arms. Figure 4.6 shows the fracture mode (Gi/G) obtained from the node
at the crack tip, using different square element sizes. A good convergence is observed in
the model with adhesive layer. The mesh with elements of 0.05 mm presented a variation
of 0.29% in the mode | fracture energy and 0.44% in the mode 1l fracture energy to the
model with 0.25 mm elements. Therefore, the model with 381600 elements of 0.05 mm
was selected for the numerical calculation of the fracture parameters, as shown in Figure
4.7.
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Figure 4.6: Fracture mode of a bi-material crack, in terms of the element size.
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Figure 4.7: Mesh of model with bi-material crack.
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4.4 Results and discussion

In this section, the results from the analytical methods are benchmarked against
the numerical results. The total fracture energy and the fracture mode ratio are presented
for the WM, the SBM (which coincides with the WM for = 1, Equation 16), and the
finite element model (FEM/VCCT). The arms thicknesses and materials vary, and
therefore . The accuracy of the analytical methods is verified for general specimen
design. The aim is to verify the assumption proposed in the SBM that the accurate fracture
mode ratio is only obtained if the longitudinal strain-based design criterion is applied (
=1). This proposition is evaluated, firstly, for asymmetric cracks within the same material

and, secondly, for bi-material cracks.

4.4.1 Asymmetric crack within the same material

The first parametric study was performed on an asymmetric crack within the
same material. Both arms have elastic modulus (E:1 and E2) of 70 GPa and Poisson’s ratio
(v1 and v2) of 0.33. In order to verify the influence of the fracture mode ratio in the
accuracy of the analytical methods, three different conditions were considered: low (¢ =
117 mm), intermediate (c = 61 mm) and high (c =42 mm) mode Il ratio. Table 4.1 shows
the three cases of geometrical asymmetry. The upper arm thickness (hi) is varied in a
wide range of geometries applied to the MMB test specimen while the lower arm
thickness (h2) remains 3.0 mm. The crack length is kept at 50 mm and the test load (P) is
100 N.

Table 4.1: Study cases of geometrical asymmetry.

Case Lever length, ¢ (mm) hi (mm) hy (mm) Ei; E; (GPa)  vi; vz

1 117 15<h;<6.0 3.0 70 0.33
2 61 15<h;<6.0 3.0 70 0.33
3 42 15<h;<6.0 3.0 70 0.33

Analytical and numerical results of the total fracture energy (G) are presented in
Figure 4.8. Notice that the SBM — Equation (17) — gives the same total fracture energy as
WM - Equation (9) — for any geometry. This occurs because both methods are derived

from the same equation of the total fracture energy — Equation (5). Figures 4.8a, 4.8b and
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4.8c show the three cases of low (case 1), intermediate (case 2) and high (case 3) mode Il

fracture, respectively. Overall, the total fracture energy obtained from analytical solutions

based on beam analysis are in very good agreement with the numerical results.
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Figure 4.8: Total fracture energy with the variation of the specimen thickness: cases (a)

1 —low, (b) 2 — intermediate and (c) 3 — high mode II.

Figure 4.9 shows the analytical and numerical fracture mode ratio (Gi/G). Notice

that the SBM is applied only when the specimen design condition is satisfied (f = 1) and,

for this condition, gives the same result of WM. Figure 4.9a shows the results for low

mode IT (case 1). When B = 1, the crack is symmetric (hi/h2 = 1) and both analytical

methods show good agreement with numerical results. As p differs from 1, WM gives

significant discrepancies from the FEM/VCCT results. This shows that WM is only valid

for the condition 3 = 1. Similar results are observed as the mode Il fracture ratio increases,

in Figures 4.9b and 4.9c (cases 2 and 3, respectively). Moreover, it is noticeable that WM

gives inaccurate fracture partitioning ratios on asymmetric cracks within the same

material [30-31]. This can be explained by the influence of the mode | and mode 11
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coupling on the fracture energy, shown in Figure 4.10, which plots the coupling function
(see Equation 18) over the total fracture energy (fc/G). It can be seen that the influence of
the mode | and mode Il coupling in the total fracture energy is zero in the case of a
symmetric crack ( = 1). The coupling effect increases largely with the asymmetry of the
specimen. This explains the fact that WM is not well suited for the mixed-mode fracture
characterization of cracks between asymmetric geometries.
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Table 4.2 shows the results and errors of the analytical model in comparison with
the numerical model for the condition of symmetric crack. Slight errors between -4.2%
and -6.0% are observed in the calculation of the total fracture energy and between 2.6%
and 7.6% in the fracture mode ratio. In the particular condition of a symmetric crack,
literature suggests crack tip corrections in order to account for the effect of crack tip
rotation under mode | [31] and mode Il [32] fracture. The analytical method with the
application of these correction factors presented insignificant errors for the calculation of
the total fracture energy and errors lower than 4.0% for the fracture mode ratio — see Table
4.2. In both cases, the use of correction factors resulted in more accurate results. This
shows that the effect of crack tip rotation during the experiments may have a non-
negligible effect on the fracture behavior although the simple analytical model proved to

be reliable.
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Table 4.2: Results and errors of the analytical model in the condition of symmetric
crack.

Numerical ] Analytical model with crack tip
Analytical model )
model corrections
G Gi/G G Error Guy/G Error G Error Guy/G Error
@m?3) (%) Q@m?3) (%) (%) (%) (@/m?) (%) (%) (%)
1 362.3 23.2 340.7 -6.0 24.9 7.6 364.7 0.6 24.1 4.0
2 87.7 47.9 83.1 -5.2 50.2 4.8 87.9 0.3 49.1 25

3 42.4 73.1 40.6 -4.2 75.0 2.6 425 0.2 74.1 1.4

Case

4.4.2 Bi-material crack

A second parametric study was carried out on a bi-material crack with
asymmetric geometry. The upper arm has thickness (h1) of 2.12 mm and the lower arm
has thickness (h2) of 3.0 mm. In order to verify the influence of the fracture mode ratio in
the accuracy of the analytical methods, three different conditions were considered: low (c
= 95 mm), intermediate (¢ =49 mm) and high (c = 34 mm) mode Il ratio. Table 4.3 shows
the three cases of bi-material crack. The upper arm elastic modulus (Ez) is varied in a
wide range of reasonable specimen materials applied to the MMB test. The lower arm has
elastic modulus (E2) of 70 GPa and both arms have Poisson’s ratio (v1 and v2) of 0.33.
The crack length is kept at 50 mm and the test load (P) is 100 N, likewise the previous

cases.

Table 4.3: Study cases of bi-material crack.

Case Lever length, c (mm) hi (mm) hz (mm) E1 (GPa) E; (GPa) wvi;v2

4 95 2.12 3.0 35<E1=<210 70 0.33
5 49 212 3.0 35<E;1<210 70 0.33
6 34 2.12 3.0 35<E1=<210 70 0.33

Analytical and numerical results of the total fracture energy (G) are presented in
Figure 4.11. Both analytical methods give the same results for any material. Figures
4.11a, 4.11b and 4.11c show the three cases of low, intermediate and high mode II

fracture, respectively. Both analytical methods are in very good agreement with the
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FEM/VCCT results, hence, the analytical methods based on beam analysis provide
reliable results of the total fracture energy on bi-material cracks.
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Figure 4.11: Total fracture energy with the variation of the specimen material: cases (a)

4 —low, (b) 5 — intermediate and (c) 6 — high mode II.

Figure 4.12 shows the analytical and numerical fracture mode ratio (Gu/G). For
the applied parameters, the strain-equivalent geometry (f = 1) is achieved when E1/E2
equals 2.0. In the case of low mode Il (case 4), shown in Figure 4.12a, the SBM shows
good agreement with the FEM/VCCT despite the remarkable asymmetry of the materials
and geometry. However, as p differs from 1, WM gives significant discrepancies from
the FEM/VCCT results. This shows that the analytical method based on beam analysis is
only valid for when the strain-equivalence condition is respected. Similar results are
observed as the mode Il fracture ratio increases, presented in Figures 4.12b and 4.12c
(cases 5 and 6, respectively). Moreover, it is shown once more that WM is only valid
when the condition of strain equivalence is satisfied (f = 1). For any other geometry, it

gives incorrect fracture mode ratios because it ignores the coupling effect between
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fracture modes. Figure 4.13 shows that the coupling function fc is zero in the case of a
strain-equivalent geometry (f = 1). In any other geometry, the influence of the mode I
and mode Il coupling may have a large effect on the fracture mode of bi-material cracks.

This explains the requirement of the strain-based design criterion for obtaining the correct
partitioning ratio.
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low, (b) 5 — intermediate and (c) 6 — high mode 1.
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Table 4.4 shows the results and errors of the analytical model in comparison with

the numerical model for the particular condition of strain equivalence proposed in the

SBM (see Equation 19). Errors between 1.0% and -8.1% are observed in the calculation

of the total fracture energy and between 1.1% and -8.6% in the fracture mode ratio. These

errors are in a similar degree as cases 1, 2 and 3 of symmetric condition, presented in

Table 4.2. Therefore, it can be implied that the effect of crack tip rotation is also a major

cause of the errors produced in cases 4, 5 and 6 of bi-material cracks using the SBM.

Table 4.4: Results and errors of the analytical model in the condition of strain

equivalence.
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Numerical model Strain-Based Method (SBM)
G (J/m?) GulG (%) G @J/m?) Error (%) Gun/G (%) Error (%)

4 306.0 275 309.0 1.0 25.1 -8.6

5 84.2 51.5 77.4 -8.1 52.1 11

6 41.3 77.0 40.5 -2.0 76.0 13
4.5 Case study

In this section, the mixed-mode fracture behavior of a bi-material bonded joint
is determined from experiments using the SBM and the FEM. Composite-to-metal
bonded specimens were manufactured in thin and thick geometries and tested using the
MMB apparatus. The aim is to verify the accuracy of the SBM against significant shear
effects and its limitations for the characterization of a crack propagation between different

materials and geometry.

4.5.1 Materials and methods

Composite-to-metal bonded specimens were manufactured using similar
materials and methods of composite repair application to metal structures in offshore
industry [43]. Specimens with two different geometries were produced. Carbon steel
plates (ASTM A36) with 6.35 mm and 3.18 mm thickness were selected for the metal
adherend. The steel surface was blasted with steel grit (G-40) and degreased with acetone.
An epoxy adhesive (NVT201E, Novatec, Brazil) with a glass transition temperature (Tg)
of 80 °C was applied. One layer of glass fiber chopped strand mat with a density of 300
g/m? was inserted between the adherends on half of the plate. Bidirectional carbon fiber
fabrics (LTC450-C10-C, DEVOLD AMT, Norway) with density of 430 g/m? and epoxy
lamination resin (PIPEFIX, Polinova S.A., Brazil) with a Tq of 116 °C and working life
of 30 minutes were selected for the composite adherend. The composite adherend was
manufactured by hand lay up on the treated metal surface. The first unidirectional carbon
ply in contact with the glass fiber mat was placed at the length direction (0°). Ten layers
of 0/90° carbon fibers were laminated on the thin metal plate and 20 layers were applied
on the thick metal plate. The adhesive and resin curing process occurred simultaneously
in approximately 2 hours at room temperature. The mechanical properties of the materials
were obtained from a previous work [44] and are shown in Table 4.5.
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Specimens were cut from the plates using a bandsaw with a high-speed steel
blade and cutting oil. Measurements of width and thickness were obtained with a digital
caliper at 30 mm from both ends and at center of the specimens. The thick specimens
have an average width of 24.9+0.3 mm and an average thickness of 20.1+£0.4 mm. The
thin specimens have an average width of 25.3£0.2 mm and an average thickness of
9.5+0.2 mm. The average length of both specimens is 180+1 mm and was measured with
a ruler. The specimen geometry was designed in accordance with the criterion of strain
equivalence between arms (see Equation 19) although a high precision thickness of the
composite materials is impracticable. An anti-friction material was applied between the
metal plate and the adhesive in order to produce a pre-cracked region of 50 mm length.

Table 4.5: Mechanical properties of the materials.

Material Elastic Modulus, E1; (GPa) Poisson’s Ratio, vi2
Steel 200 0.27
Composite 0/90 46 0.24
Adhesive 2.25 0.38

MMB tests (see Figure 4.2) were performed using a servo-hydraulic testing
machine (MTS 831, MTS Systems Corporation) coupled with a 10 kN load cell.
Specimens were positioned with the metal arm on top and the lever length (c) of 78 mm
and 110 mm were set for the thick and thin samples, respectively. Table 4.6 shows the
test matrix. The half-span (L) of the test is 70 mm and the initial crack length (ao) of 30
mm was obtained after bonding the end-blocks. The testing load was applied at the quasi-
static rate of 0.5 mm/min. with displacement control. Load-displacement points were
obtained during the test and a high-resolution camera is positioned for crack length
monitoring. The numerical results were obtained from the model of a bi-material crack,
as described in section 4.3.2, with the actual properties presented in Table 4.5 and the
geometry shown in Table 4.6. The analytical results were calculated using the SBM using
the same parameters as the numerical model. The input composite thickness was slightly

adapted in order to have the required strain equivalence condition (see Equation 4.19).

Table 4.6: Test matrix.

106



Metal arm Composite arm  Lever

Lever center

Lever

Test Specimen thickness,  thickness, h,  length, of gravity,cg weight,
h: (mm) (mm) ¢ (mm) (mm) Pq (kg)
1 thick 6.35 13.35 78 31 17.6
2 thick 6.35 13.35 78 31 17.6
3 thin 3.18 6.34 110 40 17.6
4 thin 3.18 6.34 110 40 17.6

4.5.2 Results and discussion

Results of the MMB tests in thick and thin composite-to-metal specimens are

shown in Figure 4.14 and 4.15, respectively. Crack propagation points were obtained for

every 1 mm of crack step. Tests 1 and 2 in thick specimens (Figure 4.14a and 4.14b,

respectively) reached maximum loads between 800 N and 1000 N at crack initiation and
decreased to values between 600 N and 700 N at the final crack length of 65 mm with
displacements near 1.5 mm. In the case of thin specimens, tests 3 and 4 (Figure 4.15a and

4.15h, respectively) presented maximum loads between 200 N and 250 N at crack

initiation and values between 100 N and 150 N at the final crack length of 65 mm with

displacements near 4.0 mm.
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Figure 4.15: MMB test results of thin specimens.

The total fracture energy and mode ratio were obtained at crack propagation
using the SBM and the FEM. Figures 4.16a and 4.16b show the total fracture energy of
Tests 1 and 2 in thick specimens. The SBM produced an error of 27.8% in the first
measurement of crack propagation and reduced as the crack length increases, down to
11.4% in the last propagation point. The fracture mode ratio (Gu/G) presented nearly
constant values of 23.5% in the SBM and 21.5% in the FEM, as observed in Figure 4.16c.
A constant fracture mode ratio is expected from the MMB test. The total fracture energy
of Tests 3 and 4, in thin specimens, are presented in Figure 4.17a and 4.17b, respectively.
In this geometry, the SBM produced an error of 13.2% in the first measurement of crack
propagation and reduced as the crack length increases, down to 2.6% in the last
propagation point. The analytical method produced more accurate results in the thin
specimens compared to the thick ones. Moreover, the analytical solution showed more
accuracy as the crack length increases, similarly to reference [40]. These results are
attributed to the reduction of transverse shear effect that are not considered in the
analytical model but can be significant in specimens with relatively large thickness
Finally, thin specimens presented a nearly constant fracture mode ratio (Gi/G) of 19.8%
from both the SBM and the FEM. This shows the accuracy of the analytical solution and
agrees with the results obtained from the parametric study in the previous section. Overall,
the SBM qgives reliable results for the calculation of the total fracture energy and mode

ratio of bi-material crack as long as the shear effects are negligible.
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4.6 Conclusion

In this Chapter, the strain-based method (SBM) is evaluated for the mixed-mode
fracture characterization of asymmetric cracks. The fracture energy at the crack tip of
mixed-mode bending (MMB) is determined using SBM, the widely applied Williams’
partitioning method (WM) and finite element models using the virtual crack closure
technique (VCCT). The total fracture energy and mode ratio is obtained for a wide range
of specimen thicknesses and materials.

The analytical methods based on beam analysis give good predictions of the total
fracture energy of crack propagation with geometrical and/or material asymmetry.
However, WM does not consider the coupling effect of mode | and mode Il fracture
energy and for that reason produces incorrect results of the fracture mode ratio in
asymmetric cracks.

The SBM predicts a coupling relationship between the pure modes that allows
obtaining the fracture mode ratio of bi-material cracks through a simple design criterion
based on the longitudinal strain equivalence between specimen’s arms. SBM shows to be
a reliable method that allows characterizing the mixed-mode fracture of asymmetric
cracks through a simple formulation. The main limitation identified in the SBM are that
it does not consider the transverse shear effect. Using SBM in specimens with relatively
large thickness may produce significant errors and, therefore, geometrical limitations

should be considered in the specimen design.
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Chapter 5

Design and Manufacturing Parameters

In this Chapter, the influence of a layer of glass fiber mat (GFM) inserted in a bi-material
bonded joint interface is investigated as a toughening mechanism to improve the fracture
performance of bonded structures. Composite-to-metal bonded specimens were
manufactured by hand lay-up using two different consolidation processes: at room
pressure or using vacuum bagging. The fracture behavior was evaluated under quasi-static
loadings using the mixed-mode bending (MMB) test. Test results revealed an increase of
the fracture toughness with the insertion of an adjacent layer of GFM. The toughening
mechanism is associated with a more irregular fracture surface profile. It was verified a
relationship between the fracture surface roughness and the fracture toughness. The
toughening effect showed to be more evident in higher mode Il fracture conditions. The
insertion of a layer of GFM and the use of vacuum pressure in the consolidation of the

composite increase the fracture performance of composite repairs in metal structures.

Keywords: mixed-mode bending (MMB) test, composite materials, bi-material bonded
joints, crack propagation, toughening mechanism, fracture surfaces, roughness,

fractography.

This chapter is based on the journal article: “On the influence of glass fiber mat on the mixed-mode fracture
of composite-to-metal bonded joints”, published in Composite Structures 256:113109 (2021).
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5.1 Introduction

The requirement of lightweight structures has encouraged the introduction of
composite materials in industrial applications [1]. First applications of composite
structures are found in aerospace industry [2-3] and have been expanded to many other
fields, such as automotive [4] and construction [5]. Adhesive bonding technology is
generally the preferred joining method for composite structures as they provide enhanced
stress transfer mechanisms and design flexibility [6]. The selection of the manufacturing
method usually depends on the analysis of several parameters, such as substrates to be
bonded, service conditions and area of application [1, 7-9].

Recently, composite materials technology has been introduced to the
maintenance routine in offshore industry [10]. Oil and gas production platforms are
projected to remain more than 20 years in operation. The floating vessels are subjected to
harsh environment and a large maintenance routine is necessary in order to ensure
structural integrity and continuous production. During the life cycle of a plant, repairs on
metallic structures are crucial as result of corrosion and fatigue degradation. The
composite repair technology arises as a promising alternative for the rehabilitation of
pipes [10-11], tanks [12] and ship hull [13]. The technology has the advantage of avoiding
hot work, which is safer and does not require to stop the production. A composite patch
is bonded to a damaged metallic structure in order to re-establish the structural integrity.
In the repair, a carbon fiber composite patch is usually manufactured using hand lay-up
[14]. This leads to new applications of adhesively bonded structures between composite
and metal adherends.

The fracture mechanics approach is widely applied to improve the design and
evaluate the performance of structures. In the cases of delamination and debonding,
cracks usually propagate along an interface. In real-life applications, interfacial fracture
often propagates in a combination of opening (mode I) and shear (mode 1) loadings. A
variety of experimental procedures is available for mixed-mode fracture testing [15].
Among them, the mixed-mode bending (MMB) test [16-17] stands out for its easy
implementation and capability of testing a wide range of partitioning ratios with only one
specimen geometry. The MMB test method was originally developed for fracture

propagation of unidirectional symmetric composites and was later extended to
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multidirectional laminates [18-19], metal bonded joints [20-21], sandwich specimen
face/core debonding [22] and bi-material bonded joints [23].

The crack propagation path in a bonded structure depends on the fracture
resistance of the adherends, the interface toughness and the applied fracture mode ratio
[24]. An interfacial crack in a composite bonded structure may kink into the composite
adherend. Crack migration is encouraged by a relatively low delamination fracture
toughness of the composite material compared to the interface and high shear loadings at
the crack tip. In these cases, the bonded interface does not influence the fracture
toughness. Instead, an interlaminar fracture occurs and the adjacent composite layer to
the bonded interface has an important role in the fracture performance of the structure
[25]. The fracture performance of a composite laminate may be increased by design
optimization of the lay-up sequence [26]. However, the development of composite
toughening methods has a greater potential for surpassing the limitations of the current
material systems [27]. The choice of a toughening method depends on the structural
requirements, in service conditions and available manufacture technology.

Kuwata and Hogg investigated the toughening effect of interleaved fiber veil on
a carbon fiber reinforced polymer (CFRP) under pure mode | [28]. They associated the
toughening mechanism to the effect of fiber-bridging. The work of Hosseini et al. [29]
revealed a decrease in the pure mode | fracture toughness of a woven glass/epoxy
composite with inserted glass fiber chopped strand mat at the delamination interface.
Regarding the pure mode Il fracture, toughening mechanisms are less dependent on fiber
bridging and more affected by additional factors beyond the material of the delamination
interface [30]. However, these studies address only the pure modes and a limited
combination of bonded materials. Additional studies are required in order to understand
the fracture toughening mechanisms and improve the performance of structures.

Boccaccini and Winkler [31] correlated the increase in the fracture toughness of
a composite with a crack deflection mechanism. An experimental study in sandwich
structures showed that the fracture toughness can increased by inserting a layer of mat
with randomly oriented fibers between the adherends [32]. Karger-Kocsis et al. [33]
obtained higher fracture stresses and enlarged damage zone in polypropylene composite
with glass fiber mat compared with long glass fiber reinforcement. Huang et al. [34]

analyzed the interlaminar toughening of carbon-fiber/epoxy composite laminates with
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chopped aramid fibers. Kopp et al. [35] showed that the topography of the fracture
surfaces has an intrinsic effect in the fracture characterization of materials. Sun et al. [36]
obtained higher fracture toughness in a composite-to-metal bonded joint by interleaving
short aramid fibers and altering surface treatments. These works suggest that the fracture
surfaces profile of the delamination interface has an important role in the fracture
toughness performance of the structure.

Present literature does not fully address the toughening mechanisms associated
to the use of a mat in bonded joints, particularly under mixed-mode fracture conditions.
A detailed analysis is required in order to describe the toughening effect in new
applications of bonded structures. In this Chapter, the influence of a layer of glass fiber
mat (GFM) in the fracture performance of a bi-material bonded joint is investigated.
Composite-to-metal bonded specimens are manufactured by hand lay-up with two
different consolidation processes: at room pressure or using vacuum bagging. The mixed-
mode fracture behavior is assessed under quasi-static loadings using the MMB test. The
crack propagation mechanisms resulted from the insertion of a layer of GFM between the

adherends is verified with a fracture surface analysis.

5.2. Materials and methods

5.2.1 Specimen design and manufacture
Composite-to-metal bonded specimens were manufactured in order to simulate
the application of a composite repair to a metal structure in offshore industry [14]. A
carbon steel plate (ASTM A36) of 3.18 mm thickness was selected for the metal
adherend. The steel surface was blasted with steel grit (G-40) and degreased with acetone.
An anti-friction material was applied in order to produce a pre-cracked region. A brittle
epoxy adhesive (NVT201E, Novatec, Rio de Janeiro, Brazil) with a glass transition
temperature (Tg) of 80 °C was applied. One layer of glass fiber chopped strand mat with
a density of 300 g/m? was inserted between the adherends on half of the plate.
Bidirectional carbon fiber fabrics (LTC450-C10-C, DEVOLD AMT, Langevag, Norway)
with density of 430 g/m? and epoxy lamination resin (PIPEFIX, Polinova S.A., Rio de
Janeiro, Brazil) with a Tg of 116 °C and working life of 30 minutes were selected for the
composite adherend.
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Two CFRP-to-steel plates were manufactured by hand lay-up of carbon fiber
fabrics on the treated steel surface. Hand rollers are used to compact the composite layers.
The first plate is consolidated at room pressure and has a total of 10 layers of 0/90 carbon
fibers. The second plate was consolidated using vacuum bagging. In this case, 12 layers
of 0/90 carbon fibers were laminated in order to produce a similar composite thickness
after curing. The layer of 0° carbon fibers adjacent to the adhesive interface was placed
at the length direction and the cure process took approximately 2 hours at room

temperature. Mechanical properties of the materials [37] are presented in Table 5.1.

Table 5.1: Mechanical properties of the materials.

Material Elastic Modulus, E11 (GPa) Poisson’s Ratio, vi2
Steel 200 0.27
Composite 0/90 46 0.24
Adhesive 2.25 0.38

Specimens were cut from the plates and measured with a digital caliper from
three different regions: 30 mm from the sides and at center of the specimens. The length
was obtained with a ruler. Table 5.2 shows the average measurements of the different
specimen configurations: manufactured at room pressure without glass fiber mat (RP) and
with glass fiber mat (RP/GFM); and manufactured using vacuum bagging without (VB)
and with glass fiber mat (VB/GFM).

Table 5.2: Specimen measurements.

) Manufacture _ Thickness Width Length
Specimens Design

Process (mm) (mm) (mm)
without

RP room pressure 9.49+0.34 25.11+0.11 180+1

GFM

RP/GFM room pressure with GFM 0.82+0.45 25.31+0.14  180+1
) without

VB vacuum bagging GEM 0.95+0.27 25.08+0.14  180+1

VB/GFM  vacuum bagging  withGFM  10.07£0.36 25.29%0.10 180+1
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5.2.2 Experimental method

The mixed-mode bending (MMB) test was chosen for the experimental mixed-
mode fracture analysis of the specimens. In the MMB test, a loading is applied through a
roller attached to a lever and loaded just above the mid-plane of the test specimen. The
test loading (P) is decomposed in opening (Pi) and shear (Pu) loadings in a constant ratio
determined by the lever length (c), as shown in Figure 5.1. The mode | fracture ratio
increases with the lever length. The lever weight produces a load (Pg) on the specimen at
the length of the lever center of gravity (cg). The test half-span (L) is set to 70 mm and
the initial crack length (a) is 30 mm.

Tests were conducted using a servo-hydraulic testing machine (MTS 831, MTS
Systems Corporation) coupled with a 10 kN load cell. The testing loads were applied at
the quasi-static rate of 0.5 mm/min. with displacement control. Table 5.3 shows the test
configurations. Specimens were tested in 75% and 40% mode Il fracture ratio. The
fracture partitioning ratio was obtained from a finite element model [23]. Load-
displacement points were obtained during the test and a high-resolution camera was
positioned for crack length monitoring.

. Saddle
f c |
thrdgmwwipg Lever
| Cg —m]
Pi P P | “voke
End-blocks I Speci
ecimen
=, P |
| e
i S
Loading roller
I L } L |

Base

Figure 5.1: MMB test scheme.
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Table 5.3: Test matrix.

_ Manufacture ) Lever length, Gin/G
Test  Specimen Design
Process ¢ (mm) (%)
01 RP-1 room pressure without GFM 42 75
02 RP-2 room pressure without GFM 42 75
03 RP-3 room pressure without GFM 42 75
04 RP-4 room pressure without GFM 42 75
05 RP/GFM-1 room pressure with GFM 42 75
06 RP/GFM-2 room pressure with GFM 42 75
07 RP/GFM-3 room pressure with GFM 42 75
08 RP/GFM-4 room pressure with GFM 42 75
09 VB-1 vacuum bagging without GFM 42 75
10 VB-2 vacuum bagging without GFM 42 75
11 VB-3 vacuum bagging without GFM 42 75
12  VB/GFM-1  vacuum bagging with GFM 42 75
13 VB/GFM-2  vacuum bagging with GFM 42 75
14 VB/GFM-3  vacuum bagging with GFM 42 75
15 VB-4 vacuum bagging without GFM 110 40
16 VB-5 vacuum bagging without GFM 110 40
17  VBI/GFM-4  vacuum bagging with GFM 110 40
18 VB/GFM-5  vacuum bagging with GFM 110 40

5.3 Test results

Load-displacement curves were obtained from the tests. Tests were performed
until the crack length reaches 65 mm and the propagation points were obtained in each 5
mm crack step. Some non-linearity may be observed in the beginning of the test due to
the initial load distribution on the testing apparatus. Results of specimens manufactured
at room pressure and tested under 75% mode 1l fracture are shown in Figures 5.2 and 5.3.
A more abrupt load drop occurred in three out of the four tests performed in specimens
without GFM (Figure 5.2a, 5.2c and 5.2d), while only test RP-2 (Figure 5.2b) presented
a stepwise propagation. Regarding the specimens with GFM, Figure 5.3 shows that a

stepwise crack propagation occurred in all tests. Additionally, specimens with GFM
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(Figure 5.3) presented slightly higher testing loadings compared with the specimens
without GFM (Figure 5.2).
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Figure 5.3: Load and crack length curves of specimens manufactured at room pressure
with GFM under 75% mode 11 fracture.

Figures 5.4 and 5.5 show the results of specimens manufactured using vacuum
bagging and tested under 75% mode Il fracture. All tests presented abrupt load drop
during crack propagation. Specimens with an inserted layer of GFM (Figure 5.5) had
significant higher test loadings compared to specimens without GFM (Figure 5.4). Tests
were also performed under 40% mode Il ratio fracture configuration and the results are
shown in Figures 5.6 and 5.7. In this condition, all tests presented a smooth variation of
the test load during crack propagation. Specimens with an inserted layer of GFM (Figure
5.7) presented slightly higher loadings in compared to the specimens without GFM
(Figure 5.6). Overall, the insertion of a layer of GFM between adherends increased the
fracture loadings of the bonded joints although in different degree depending on the

manufacture process and fracture mode ratio.
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Figure 5.5: Load and crack length curves of specimens manufactured using vacuum

bagging with GFM under 75% mode Il fracture.
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Figure 5.7: Load and crack length curves of specimens manufactured using vacuum

bagging with GFM under 40% mode Il fracture.

Images of the fracture propagation paths were obtained from an optical
microscope. Figure 5.8 shows the typical fracture propagation paths of the specimens
without GFM and with a layer of GFM between adherends. Crack migration was observed
in all tests. This is attributed to the higher stresses in the upper arm of the specimen caused
by the MMB loading configuration. Consequently, crack propagated within the interface
between the adhesive layer and the first layer of the composite adherend with fibers at
length direction, as observed in Figure 5.8a. The insertion of a layer of GFM between the
adherends produced a preferential layer for crack propagation with more irregular path,
as seen in Figure 5.8b. This suggests an influence of the fracture surface profile on the
higher test loadings produced in specimens with GFM. The test results support previous
literature regarding the crucial role of the adjacent layer to the adhesive in the fracture
performance of the structure [25, 26, 32-34].

125



CFRP

o adhesive layer

| | mm steel
ao crack propagation
CFRP
T GFM

_ 1 adhesive layer
I mm A A A ‘.:\’.., ' steel

ao crack propagation

Figure 5.8: Crack propagation paths of (a) specimens without GFM and (b) specimens
with GFM.

5.4. Discussion

5.4.1 Fracture toughness

The total fracture energy (G) was calculated from the crack propagation points
using the strain-based method (SBM) [23]. The method is derived from beam analysis
and requires the longitudinal strain equivalence at the faying surfaces of both arms in
order to calculate the fracture mode ratio.

Where Es, hi, E2 and hz are the flexural longitudinal moduli and thickness of the

upper and lower arms, respectively. The total fracture energy is determined by the

following equation:

1 (M% MZ (M, + M2)2> 52)

G=—
2B\E,L, | I, Eeqleq
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Where B is the specimen width, M1 and M2 are the bending moments on the
section of the crack tip in the upper and lower arms, respectively, Eeq is the flexural
modulus of the specimen, and I1, I2 and leq are second moments of the area in the section
of the crack tip of the upper arm, lower arm and total specimen, respectively.

Figure 5.9 shows the R-curves of the specimens manufactured at room pressure
under 75% mode 11 fracture. Results were obtained from 35 mm to 65 mm crack length.
The fracture energy increased substantially with the crack length in specimens with GFM
although the fracture mode ratio remains constant during the test. This can be explained
by the crack deflection mechanism [31] resulted from the more irregular crack path.
Specimens with an inserted layer of GFM presented higher fracture energy during
propagation when compared with the specimens without GFM. This reveals the
toughening effect caused by the insertion of a layer of GFM between the adherends. A
note is given to specimen RP-2 which presented similar results to the specimens with

GFM. This will be discussed later in this work.
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Figure 5.9: Fracture toughness of specimens manufactured at room pressure under 75%

mode |l fracture.

Figure 5.10 shows the R-curves obtained from specimens manufactured using
vacuum bagging and tested under 75% mode Il fracture. Specimens with an inserted layer
of GFM presented substantially higher fracture energy compared with the specimens

without GFM. The toughening effect is shown to be more significant in specimens
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manufactured using vacuum bagging. The R-curves from tests under 40% mode Il
fracture are shown in Figure 5.11. Both specimens without and with GFM presented
similar fracture energy.

These experimental results show that the increase in mode | fracture ratio
reduced the toughening effect of the GFM. This shows that the toughening mechanism is
not only influenced by the specimen design configuration but also the fracture mode ratio.
The relationship between the fracture mode ratio and the toughening effect agrees with
literature regarding mat-interlayered composites under pure mode | [29] and pure mode
I1 [30] fracture. A more irregular crack propagation path improves the toughening effect

as the shear becomes the dominant fracture mode.
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Figure 5.10: Fracture toughness of specimens manufactured using vacuum bagging
under 75% mode |1 fracture.
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A comparison between the average fracture energy (Gave) Of the specimens is
given in Figure 5.12. The insertion of a layer of GFM between adherends is shown to
increase the average fracture energy in both manufacturing processes under 75% mode 11
fracture. However, the toughening effect is more substantial in specimens manufactured
using vacuum bagging when compared to room pressure. Regarding the fracture mode,
the GFM produced greater improvement in the vacuum bagging manufacture under high
mode Il condition. Both the manufacturing process and the fracture mode ratio showed
to have significant influence in the toughening effect. Moreover, specimens without GFM
presented similar average fracture energy although it is slightly higher in specimens
manufactured using vacuum bagging tested under high mode | fracture.
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Figure 5.12: Average fracture energy.

5.4.2 Surface profile

An analysis of the fracture surfaces features was performed using a 3D wide-
area measuring optical microscope (VR-3200, Keyence Corporation). Fracture surfaces
and height profiles were analyzed. The height profiles of the fracture surfaces were
obtained from three different paths: center of the surfaces and near the edges on the left
and right sides. The aim is to evaluate the influence of the fracture surface profile on the
toughening mechanism.

Figure 5.13 shows representative images of the fracture surfaces of specimens
manufactured at room pressure under 75% mode Il fracture. The specimen without GFM
(RP-4) presented a crack propagation between the adhesive layer and the adjacent layer
of carbon fibers. Otherwise, the specimen with GFM (RP/GFM-2) showed a combination
of fracture propagation within the GFM and interlaminar fracture within the adjacent
layer of carbon fibers. Representative height profiles are shown in Figure 5.14. It reveals
a more irregular fracture surface in the specimen with GFM. Crack propagations along
irregular paths are shown to require more energy to propagate [31]. This explains the

higher fracture toughness of the specimens with GFM.
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Figure 5.13: Representative fracture surfaces of specimens manufactured at room
pressure under 75% mode Il fracture.
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Figure 5.14: Representative fracture height profiles of specimens manufactured at room
pressure under 75% mode Il fracture (a) without and (b) with GFM.

Figure 5.15 shows representative images of the fracture surfaces of specimens
manufactured using vacuum bagging under 75% mode Il fracture. The specimen without
GFM (VB-2) presented a fracture between the adhesive layer and the adjacent layer of
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carbon fibers, similar to the specimen manufactured at room pressure (see Figure 5.13).
However, the specimen with GFM (VB/GFM-3) revealed mostly fracture propagation
within the layer of GFM. Representative height profiles are shown in Figure 5.16. It
reveals a more irregular fracture surface in the specimen with GFM. These results are
similar to the specimens manufactured at room pressure (see Figure 5.14). Therefore, the
manufacturing process had no notable effect in the height profile of the fracture surfaces.
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Figure 5.15: Representative fracture surfaces of specimens manufactured using vacuum

bagging under 75% mode |1 fracture.
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Figure 5.16: Representative fracture height profiles of specimens manufactured using
vacuum bagging under 75% mode |1 fracture (a) without and (b) with GFM.

Figure 5.17 shows representative images of the fracture surfaces of specimens
manufactured using vacuum bagging under 40% mode Il fracture. The specimen without
GFM (VB-5) presented a fracture similar to the previous cases of 75% mode Il at room
pressure (see Figure 5.13) or using vacuum bagging (see Figure 5.15). Likewise, the
specimen with GFM (VB/GFM-5) revealed a fracture propagation within the layer of
GFM. Representative height profiles are shown in Figure 5.18. It reveals a more irregular
fracture surface in the specimen with GFM. These results are analogous to the previous
cases (see Figures 5.14 and 5.16). Therefore, the fracture partitioning ratio had no notable

effect in the height profile of the fracture surfaces.
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Figure 5.18: Representative fracture height profiles of specimens manufactured using

vacuum bagging under 40% mode Il fracture (a) without and (b) with GFM.

The roughness of the fracture surfaces was measured from an area of 10 x 10

mm at the center of the fracture surfaces. Table 5.4 presents the roughness, in terms of

the root mean square height (Sq), obtained from the CFRP and steel sides of the tested
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specimens. Results from every specimen revealed similar roughness in both sides of the

crack. Cracks within the GFM showed mostly rougher fracture surfaces. It is observed

that specimen RP-2 presented a rougher surface compared with the others of the same

design and manufacturing process. This can be related to the more stepwise propagation

(see Figure 5.2) and higher fracture energy (see Figure 5.9) obtained from this test.

Table 5.4: Roughness of the fracture surfaces.

Specimen Gun/G Adherend side Roughness, Sq (um)

CFRP 88.4
RP-1 75%

steel 70.2

CFRP 135.9
RP-2 75%

steel 133.6

CFRP 71.8
RP-3 75%

steel 65.9

CFRP 84.5
RP-4 75%

steel 68.7

CFRP 150.0
RP/GFM-1  75%

steel 167.4

CFRP 129.4
RP/GFM-2  75%

steel 112.1

CFRP 121.4
RP/GFM-3  75%

steel 117.8

CFRP 144.9
RP/GFM-4 75%

steel 125.7

CFRP 59.5
VB-1 75%

steel 60.4

CFRP 68.8
VB-2 75%

steel 67.9

CFRP 97.6
VB-3 75%

steel 84.9

CFRP 149.8
VB/GFM-1 75%

steel 155.0
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CFRP 184.5
VB/GFM-2  75%

steel 172.5
CFRP 136.8

VB/GFM-3 75%
steel 158.2
CFRP 91.3

VB-4 40%
steel 88.0
CFRP 88.6

VB-5 40%
steel 68.7
CFRP 169.5

VB/GFM-4 40%
steel 154.9
CFRP 163.9

VB/GFM-5 40%
steel 162.4

The relationship between the surface roughness and the fracture energy is
presented in Figure 5.19. The average surface roughness (Sqave) presented in x-axis is the
average between the CFRP and steel fracture surfaces of the specimen. The data is
clustered in three series: RP (Gu/G = 75%), VB (Gi/G = 75%) and VB (Gun/G = 40%).
For each of these three clustered series, it is observed a common trend of increasing the
fracture energy with surface roughness as a result of inserting a layer of GFM. This can
be observed by the positive slope of the three linear fits for all three clustered series.
Specimens manufactured at room pressure and tested under 75% mode Il fracture - RP
(Gu/G = 75%) show an increase of 49% in the Sqave With the presence of GFM, which
resulted in 89% increase in the Gave. Specimens manufactured using vacuum bagging and
tested under the same ratio - VB (Gu/G = 75%), show an increase of 118% in the SQave
with the presence of the GFM, which resulted in 170% increase in the Gave. Therefore,
specimens tested under the same fracture mode ratio, the ones manufactured using
vacuum bagging produced higher fracture surface roughness and consequently higher
fracture energy. Finally, specimens manufactured with vacuum bagging and tested under
lower fracture mode ratio of 40% mode Il - VB (Gu/G = 40%), the Sqave increased 93%
with the insertion of the GFM but the Gave increased only 27%. Although the surface
roughness increased in a similar extent for all specimens manufactured under vacuum

bagging, the toughening effect is more evident under high mode Il fracture.
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Figure 5.19: Relationship between surface roughness and fracture energy.

5.4.3 Fractography

In order to better understand the effect of the manufacturing process on the
fracture surface features, a fractography analysis was performed using a field emission
scanning electron microscope (SEM) (JEOL JSM-7500F, Japan). Prior to examination,
the samples were coated with a thin layer of gold (Au) using a sputter coater (Quorum
Q300T D, United Kingdom). SEM images were obtained from the steel side of the
fracture in magnification of 500x.

Figure 5.20 shows representative SEM images of the fracture surface of the
specimens without GFM. Specimens manufactured at room pressure and tested under
75% mode |1 presented a combination of cohesive and interlaminar failure within the first
layer of carbon fibers, as shown in Figure 5.20a. Similar failure modes are observed in
Figure 5.20b for specimens manufactured using vacuum bagging and tested under the
same ratio. Nevertheless, the specimens tested under 40% mode Il fracture presented
dominant cohesive failure, as observed in Figure 5.20c. This fracture features explain the
similar fracture energy of specimens without GFM from both manufacturing processes
(RP and VB) and the slightly higher performance under 40% mode Il fracture ratio (see
Figure 5.12). The increase in mode I fracture increases the cohesive failure mode within
the adhesive layer. For mode Il dominated fracture, cracks tend to propagate in the inner
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layer of the laminate. This relationship between fracture mode ratio and crack propagation
path is also noticed in the literature [24].

Figure 5.20: SEM images of the steel side of specimens without GFM (a) RP-4 (Gu/G =
75%), (b) VB-2 (Gi/G = 75%) and (c) VB-5 (Gi/G = 40%).

Figure 5.21 shows representative SEM images of the fracture surfaces of the
specimens with an inserted layer of GFM. The glass fiber/matrix interactions are visible
showing the crack path inside the GFM. The fracture surfaces are significantly different
from the ones without GFM, in Figure 5.20, where the crack path developed at the
CFRP/adhesive interface. Figure 5.21a shows the specimens manufactured at room
pressure with GFM and tested with 75% mode 11 fracture. It is clearly shown the presence
of loose fibers and bare fibers. Specimens manufactured using vacuum bagging and tested
under the same fracture mode ratio, shown in Figure 5.21b, exhibited higher compaction
and better fiber/matrix adhesion. This is a consequence of the vacuum pressure applied
for consolidation of the composite during manufacture. A higher compaction of the mat
contributes to an increased fracture performance [31], and consequently the toughening
effect is more evident in specimens manufactured using vacuum bag than specimens
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manufactured at room pressure (see Figure 5.12). Moreover, good fiber/matrix
compaction is observed in Figure 5.21c for a dominant mode | fracture, similar to the case
of high mode 11 fracture (Figure 5.21b). Therefore, the inferior performance of specimens

tested under 40% mode 11 regards only the loading conditions and not the failure mode.

Figure 5.21: SEM images of the steel side of specimens with GFM (a) RP/GFM-2
(Gn/G = 75%), (b) VB/IGFM-3 (Gi/G = 75%) and (c) VB/GFM-5 (Gi/G = 40%).

5.5 Conclusion

The influence of a layer of glass fiber mat inserted in a bi-material bonded joint
interface has been investigated as a toughening mechanism to improve the fracture
performance of bonded structures. Composite-to-metal bonded specimens were
manufactured by hand lay-up using two different consolidation processes: at room
pressure or using vacuum bagging. The mixed-mode fracture behavior was evaluated
under quasi-static loadings using the MMB test. Fracture toughening mechanisms were
investigated through the test results and fractography analysis.

Crack tends to propagate in the interface between the adhesive layer and the
upper arm of the specimen due to the higher stresses caused by the MMB loading

configuration. In the case of a CFRP adherend without GFM, cohesive failure within the
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adhesive layer is the dominant failure mode under high mode | fracture while a
combination of cohesive and interlaminar failure occurs in high mode Il fracture
condition.

The insertion of a layer of GFM between adherends prevented the crack
migration to the CFRP adherend and introduced a preferential crack propagation path
within the GFM. The crack propagation within the GFM produced more irregular fracture
surface height profiles when compared to the specimens without GFM. A more irregular
crack path resulted in higher fracture toughness due to the increase of the energy required
for the crack to propagate. Therefore, the adjacent composite layer to the adhesive
interface has an important role in the fracture performance of the bonded joint since it
affects the crack propagation path.

The manufacturing process affected the performance of the specimens with
GFM. The vacuum bagging technique produced a better fiber/matrix compaction of the
GFM and resulted in rougher fracture surfaces when compared to room pressure. On the
other hand, no change was observed in the fracture surfaces of specimens without GFM
despite the manufacturing process. The relationship between fracture surface roughness
and fracture performance is observed in both manufacturing processes although the
toughening effect is more evident in higher mode Il fracture conditions.

Even though the values measured for the fracture toughness appear coherent,
only the principles of LEFM have been considered for the evaluation of the fracture
performance. The non-linearity effects of the plastic zone developed around the crack tip
has not been taken into account. The integration of a non-linear analysis may potentially
improve the understanding over the fracture behavior of composite-to-metal bonded
joints.

The insertion of a layer of GFM is expected to increase the fracture performance
of composite repairs in metal structures. The use of vacuum pressure in the consolidation
of the composite, when feasible, is recommended for optimizing the fracture performance

of the bonded structure.
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Chapter 6

Environmental Ageing

This Chapter contemplates the effect of long-term environmental exposure on the
performance of composite-to-metal bonded joints. Specimens are manufactured using a
carbon fiber reinforced polymer (CFRP) co-bonded to a steel member with epoxy
adhesive and aged in a salt spray chamber. The mixed-mode fracture behavior of the non-
aged and aged specimens is assessed using the mixed-mode bending (MMB) test
apparatus. The fracture energy is calculated using the finite element method and an
analytical approach, the strain-based method (SBM). The SBM showed to be a simple
and accurate method to obtain the total fracture energy and the fracture mode ratio of the
bi-material specimen. Ageing increased the fracture toughness at crack initiation by 27%
for specimens loaded at 20% mode 11 and 7% for specimens loaded at 15% mode Il. This
can be related to the shear behavior and plasticization of the adhesive material. During
crack propagation, the fracture toughness remained similar for specimens loaded at 20%
mode Il and decreased by 15% in specimens loaded at 15% mode Il. Fractography
analysis together with chemical characterization showed that the penetration of moisture
at the edges of the fracture surface produced adhesive failure in these regions affected by
moisture. Moreover, the failure mode at the unaffected regions of the fracture surface
shifted from cohesive to a combination of thin-layer cohesive and adhesive failure after
ageing. The results contributed to describe the effect of ageing on the fracture behavior

of bonded materials.

Keywords: fracture toughness, crack propagation, bi-material bonded joints, adhesion,

fracture surfaces, fractography, ageing

This chapter is based on the journal article: “Effect of salt spray ageing on the fracture composite-to-metal
bonded joints”, published in International Journal of Adhesion and Adhesives 108:102885 (2021).
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6.1 Introduction

The requirement of lightweight structures has encouraged the introduction of
composite materials in industrial applications. Advanced composite materials, which
usually consist of a polymer matrix reinforced with continuous fibers, can provide high
strength with a relatively low weight and thus enable superior structural performance to
be achieved. Novel design of structures can be developed as manufacturers replace
traditional materials with advanced composite materials. In addition, adhesive bonding
technology is generally the preferred joining method for composite parts as it provides
enhanced stress transfer mechanisms and design flexibility [1]. First applications of
advanced composites are found in aerospace industry [2] and have expanded to many
other fields, such as automotive [3], civil construction [4] and maritime [5]. In recent
years, composite repair technology has emerged as a promising alternative for the
rehabilitation of structures. In the repair, fiber reinforced polymers (FRPs) are usually
bonded to a metal damaged element, such as in aircrafts [6], vessels [7-8] and pipes [9-
11].

The design optimization of these structures requires the understanding of several
parameters, such as substrates to be bonded, service conditions and area of application
[1]. In aircraft structures, moisture absorption was observed to cause reduction of
structural performance in composite bonded joints [12-13]. Resins that are not fully cured
are most affected by moisture absorption and degradation of composite repairs in civil
applications [14]. Moisture conditioning resulted in a significant decrease in the
performance of concrete/epoxy bond [15]. Wet environment is also one of the main
factors that affect the strength of adhesive joints in vehicles [16]. These environmental
parameters affect the long-term performance of bonded structures and thus represent a
critical barrier to the expansion of their applications.

Several authors studied the effect of environmental degradation on the tensile
strength of adhesive bonded joints. Early investigation in metal single lap joints (SLJs)
showed that the moisture penetrates in the joint by diffusion through the adhesive, and
consequently the degradation relates with time and tends to level off at the saturation level
[17-18]. The main contributions to the loss of strength of metal bonded joints are
described to be the hydrodynamic displacement at the interface, adhesive plasticization
and corrosion at the substrates [19]. Sugiman et al. [20] showed that residual stresses due
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to thermal and swelling strains in the adhesive layer have no significant effect on the joint
strength. Li et al. [21] developed a numerical model for the prediction of long-term
degradation of bonded joints based of the degradation of the adhesive properties.
Papanicolaou et al. [22] verified that the strength of metal SLJs decreases as a
consequence of salt spray ageing.

Regarding composite bonded joints, the work of Park et al. [23] addressed the
effect of manufacturing process on the strength of composite SLJs under environmental
conditions. They obtained a higher performance of co-cured composite joints in elevated
temperatures and wet conditions. Jeong et al. [24] evaluated the effect of secondary
bonded joints immersed in tap water and salt water. Results showed an increase of
strength in pre-saturated specimens and decrease in specimens with saturated moisture
content. The major failure modes of the composite bonded joints were found to be
delamination and intralaminar failure of the composite adherend. Moreover, a decrease
in the interlaminar adhesion was observed in carbon-epoxy laminates subjected to salt
water ageing [25].

Recently, several works have been carried out on the degradation of bi-material
bonded joints between composite and metal adherends. The tensile strength of dissimilar
joints showed to be higher than composite joints due to the different behavior between
the permeable composite adherend and impermeable metal adherend under moisture
degradation [26]. A reduction of peel strength in composite-to-metal bonded joints was
related with the moisture penetration in salt water [27] and salt spray [28], as a
consequence of the change in the failure mechanism from cohesive to adhesive failure
after ageing. Heshmati et al. [29] revealed a higher influence of moisture content on the
degradation of a glass fiber reinforced polymer (GFRP) compared to a carbon fiber
reinforced polymer (CFRP) in composite-to-metal double lap shear (DLS) joints due to
the low permeability of the CFRP in comparison with GFRP. The work also showed that
the diffusion rate of distilled water is higher than salt water, causing more degradation to
the interlaminar strength in short-term immersion. However, with longer exposure times,
salt water resulted in more damaging effects to the resin/fiber interface. A study
performed by Sugiman et al. [30] obtained a similar outcome regarding the diffusion rate
in an epoxy adhesive. Additionally, the diffusion rate showed to be much higher in the

fiber direction than the through-thickness direction of unidirectional composites. The
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effect of salt water under fluctuating condition was more severe than the effect of both
distilled and salt water under steady condition. Similarly, the effect of salt fog cycles
caused severe degradation in CFRP-steel double strap joints [31]. Yang et al. [32]
detected the degradation of a laminate due to galvanic coupling developed from corrosion
product depositions over steel and exposed carbon fibers. Although these studies provide
valuable and insightful information, there remain a number of aspects that require
investigation of the mechanical properties of bi-material bonded joints.

The fracture mechanics approach is widely applied to improve the design and
evaluate the performance of bonded structures [33]. In this regard, limited work is
available on the fracture behavior of bonded materials subjected to environmental
conditions. Some authors addressed the degradation of the fracture properties of metal
bonded joints using open-faced specimens [34-36]. The fracture energy was primarily
associated with the moisture content and independent of test method and time [34]. The
combined effects of temperature and water caused an initial increase in strength due to
plasticization followed by a reduction due to degradation [35]. Tests in open-faced epoxy-
aluminum specimens revealed that the fracture toughness decreases as the crack grows
closer to the interface for a given level of degradation regardless of the fracture mode
ratio [36]. Fernandes et al. [37] evaluated the effect of ageing in metal bonded joints using
a secondary bonding method with aged adhesive plates. They detected an increase of the
fracture toughness after exposure to salt water due to plasticization of the adhesive, while
degradation of the fracture toughness was observed in distilled water as consequence of
a substantial reduction of the glass transition temperature. Although the ageing methods
previously mentioned are time-efficient, their results may differ from the actual
degradation mechanisms in real bonded structures.

Further authors [38-39] observed the degradation of the pure mode | fracture
toughness of aluminum bonded joints exposed to moist conditions. In general, aged
specimens fail adhesively while non-aged specimens usually show cohesive failure. In
the case of composite bonded materials, Markatos et al. [40] detected a considerable
reduction of the fracture toughness at crack initiation in bonded CFRP laminates after
immersion in de-mineralized water. Interfacial failure also showed to become the
dominant failure mode. Fernandes et al. [41] verified a relationship between physical

alterations of the adhesive material and the reduction of pure mode | and pure mode I
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fracture energy of composite bonded joints under the effect of moisture. However, these
studies address only the pure modes. In real-life applications, cracks in bonded joints
propagate in a combination of opening (mode 1) and shear (mode Il) loadings.

Recently, few authors addressed the effect of moisture on the fracture of
symmetric composites. LeBlanc and LaPlante [42] investigated the delamination growth
of a carbon-epoxy composite aged in distilled water. The fracture energy increased in
pure mode | while the pure mode Il and mixed-mode conditions were weakened. Silva et
al. [43] obtained similar results for the pure modes using composite bonded joints aged
in humid atmosphere. However, specimens tested in mixed-mode conditions presented a
reduction in the mechanical properties. Additionally, fracture energy decreased after
ageing in salt fog. In general, fracture properties degrade with the exposure time with
non-negligible effects at early stages followed by a stabilization trend. However, these
studies focused on the quantitative analysis of the fracture toughness. The analysis of
failure mechanisms and their association to the degradation of mechanical properties may
reveal additional data to improve the design of adhesively bonded structures.

Finally, a review on available literature reveals insufficient information
regarding the fracture of bi-material bonded joints [44]. In this matter, some authors
successfully applied the mixed-mode bending (MMB) test method for the analysis of
sandwich specimen face/core debonding [45], dissimilar composite bonded joints [46]
and composite-to-metal bonded joints [47]. The MMB test proved to be a simple and
reliable technique to evaluate the fracture performance of dissimilar bonded specimens
under mixed-mode loadings. The experimental procedure shows potential to be further
extended for the evaluation of the effect of environmental conditions in bi-material
bonded joints.

In this Chapter, the effect of long-term environmental exposure on the
performance of composite-to-metal bonded joints is investigated. Specimens are
manufactured using a CFRP co-bonded to steel with an epoxy adhesive. Samples are aged
in a salt spray chamber. The mixed-mode fracture behavior of non-aged and aged
specimens is assessed using the MMB test apparatus. The fracture energy is calculated
using numerical and analytical approaches. A fracture surface analysis together with a

chemical characterization are performed in order to evaluate the failure mechanisms in
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association with the performance of the bonded joint subjected to environmental

exposure.

6.2 Materials and methods

6.2.1 Specimen manufacturing

Composite-to-metal bonded specimens were manufactured in order to simulate
the application of a composite repair to a metal structure in offshore industry [48]. A steel
plate (ASTM A36) of 3.18 mm thickness was selected for the metal adherend. The steel
surface was blasted with steel grit (G-40) and degreased with acetone. An epoxy adhesive
(NVT201E, Novatec, Rio de Janeiro, Brazil) with a glass transition temperature (Tg) of
80 °C was applied. One layer of glass fiber chopped strand mat with a density of 300 g/m?
was inserted between the adhesive and the composite. Bidirectional carbon fiber fabrics
(LTC450-C10-C, DEVOLD AMT, Langevag, Norway) with density of 430 g/m? and
epoxy lamination resin (PIPEFIX, Polinova S.A., Rio de Janeiro, Brazil) with a Tq of 116
°C and working life of 30 min. were selected for the composite adherend. A composite-
to-metal plate was manufactured by hand lay up on the treated metal surface. The
composite adherend has 10 layers of 0/90° carbon fibers. The first unidirectional carbon
ply in contact with the glass fiber mat was placed at the length direction (0°). The adhesive
and resin curing process occurred simultaneously in approximately 2 hours at room
temperature. The properties of the materials were obtained from a previous work [28] and
are shown in Table 6.1.

Specimens were cut from the plates using a bandsaw with a high-speed steel
blade and cutting oil. Measurements of width and thickness were obtained with a digital
caliper at 30 mm from both ends and at center of the specimens. Specimen geometry is
shown in Figure 6.1. The specimens have an average width of 25.28+0.18 mm and an
average thickness of 9.52+0.19 mm. The average length of 180+1 mm was measured with
a ruler. An anti-friction material was applied between the metal plate and the adhesive in

order to produce a pre-cracked region.

Table 6.1: Mechanical properties of the materials.
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Material Elastic Modulus, E1; (GPa) Poisson’s Ratio, vi2

Steel 200 0.27
Composite 0/90 46 0.24
Adhesive 2.25 0.38
3.18
25
[ 180 - i i e g

]

%0 steel adhesive + mat + CFRP {
6.34

Figure 6.1: Specimen geometry (dimensions in millimeters).

6.2.2 Conditioning

Specimens were placed for ageing in a salt spray chamber. A solution of 5%
mass sodium chloride [NaCl] was atomized at 200 ml/h and 35 °C. The exposure zone
remained in a relative humidity between 95% and 98% and pH between 6.5 and 7.2,
according to the ASTM B117 standard practice [49]. Specimen’s top and bottom surfaces
were covered with a layer of tape to avoid degradation of the adherends as shown in
Figure 6.2.

The average weight of 144.4 +1.7 g was measured from the specimens before
ageing using a precision balance with 0.01 g. The ageing period was chosen based on the
results of previous work with similar materials [27, 28]. After an ageing period of 137
days, specimens were gently washed in clean running water and dried with paper and

their weight was measured again.

Figure 6.2: A specimen prepared for ageing.
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6.2.3 Experimental method

The MMB test was chosen for the experimental mixed-mode fracture analysis
of the specimens. During the procedure, loading is applied from a yoke to rollers attached
to a lever and loaded just above the mid-plane of the test specimen, as shown in Figure
6.3. The test loading (P) is decomposed in opening (Pi) and shear (Pi) loadings in a
constant ratio determined by the lever length (c). The mode | fracture ratio increases with
the lever length. The lever weight produces a load (Pg) on the specimen at the length of
the lever center of gravity (cg). The test half-span (L) is set to 70 mm and the initial crack
length (a) is 30 mm. The MMB test configuration produces higher stresses in the upper
side of the specimen. Therefore, specimens were tested with the metal arm on top in order
to prevent crack propagation within the composite material.

End-blocks of the same width as the specimens were bonded on both sides of the
specimens using a structural epoxy adhesive. A thin layer of white correction fluid was
coated on the specimen sides and millimeter paper was bonded in order to facilitate crack
length measurements. Tests were conducted using a servo-hydraulic testing machine
(MTS 831, MTS Systems Corporation) equipped with a 10 kN load cell. The testing load
was applied at a quasi-static rate with a controlled displacement of 0.5 mm/min. Load-
displacement points were obtained during the tests and a high-resolution camera,

synchronized with the test output data, is positioned for crack length monitoring.

. Saddle
f c |
Cﬂhrdgmwwipg Lever
| Cg —m]
Pi P P \Yoke
End-blocks I Speci
ecimen
N, P |
| )
i T
Loading roller
I L } L |

Base

Figure 6.3: MMB test scheme.
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6.3 Fracture data analysis

6.3.1 Numerical model

A 2D finite element (FE) model was developed in Abaqus Standard (version 2019.HF2).
The geometry was modelled based on the specimen measurements, as presented in Figure
6.4. Loadings and contour conditions were applied in order to simulate the MMB test
conditions. Boundary conditions were defined by constraining displacements in x and y
directions at the left side and displacements in y direction at the right side of the beam.
The opening and shear loadings were applied at the top surface. Isotropic materials were
selected from the properties presented in Table 6.1. A FE mesh of 4-node bilinear plane
strain quadrilateral solid elements (CPE4) was applied in the whole model for optimized

computational cost.

|_ TP' F>c+F>gcg ¢” P(L+c)+Pg(L+cg) 3-18
H—a——{
634
e 180 -

Figure 6.4: Model geometry and contour conditions.

The calculation of the fracture energy was performed using the finite element method
with the virtual crack closure technique (FEM/VCCT). The VCCT is based on linear
elastic fracture mechanics (LEFR). This is valid as long as the energy dissipated on the
fracture process zone (FPZ) ahead of the crack tip is in a small scale in relation to the
macroscopic elastic response. In this work, the tested specimens have relatively thick
adherends which increase the elastic response on a macroscopic scale. Additionally, the
use of a thin adhesive layer with a brittle epoxy adhesive contributes for a smaller plastic
zone.

A mesh sensitivity analysis was performed using the model of the MMB test
with a crack length (a) of 30 mm. The results are shown in Figure 6.5. The calculated
fracture mode ratio (Gi/G) of a model without the adhesive layer showed dependency on

the element size around the crack tip (Aa) and did not represent the actual fracture
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development. In order to circumvent the problem, literature suggests modelling an

artificial interlayer around the crack [46-47]. Therefore, thin layers of 0.2 mm thickness

with adhesive properties (see Table 6.1) were modelled on both sides of the crack. The

effect of the adhesive layer on the stiffness of the arms is negligible. The calculated

fracture mode (Gi/G) of the model with adhesive layer is independent from the element

size. A global mesh with elements of 0.1 mm was chosen for the determination of the

fracture energy at the load-crack length points, as shown in Figure 6.6.
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Figure 6.5: Mesh sensitivity analysis.
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Figure 6.6: Detail of the FE mesh around crack tip.

154



6.3.2 Analytical model

The strain-based partitioning method (SBM) [47] is based on beam analysis and
allows determining the fracture mode and total fracture energy of bi-material cracks. The
method requires a design condition of longitudinal strain equivalence between the sides

of the crack to be satisfied. This means, under bending loadings:

E,h? = E,h? (6.1)

Where E1 hi, E2 and h2 are the flexural longitudinal moduli and the thickness of
the upper and lower arms, respectively. The SBM assumes that pure mode 1l is produced
when the longitudinal strain distribution at the faying surfaces of both arms must be
identical, and pure mode |1 is obtained when the curvatures in the two arms are the same
[47].

The mode I, mode Il and total fracture energy of MMB test specimens can be

obtained by the following equations:

WM =My)* /1 1
G = B D \B T, T B, (6.2)
S MM 1 (y+ D)
G = 2B(y + 1) (Elll + Eeqleq (6.3)
G = GI + GII (64)

Where B is the specimen’s width, M1 and M2 are the bending moments at the
section of the crack tip in the upper and lower arms, respectively. Eeq is the flexural
longitudinal modulus of the beam, I1, 12 and leq are the second moments of the area at the
section of the crack tip in the upper arm, lower arm and beam, respectively. The bending

stiffness ratio between the upper and lower arms is given by:

_ Eiy

=1 (6.5)

vy
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The SBM is a promising method for the easy and reliable fracture
characterization of bi-material bonded joints [47, 50]. It is important to notice that the
method requires linear-elastic conditions. The same parameters used in the FE model
were applied to the calculation of the fracture energy using the SBM. Material properties
were selected from Table 6.1 and geometrical parameters are indicated in Figure 6.4.
Moreover, Equations. 6.2 and 6.3 do not consider effects of shear and crack tip rotation

that are accounted in the numerical method.

6.4 Results and discussion

6.4.1 Effect of ageing on the materials

Figure 6.7 shows the outer surface of the steel arm of non-aged and aged
specimens. The effect of corrosion on the outer steel surface is negligible. This can be
observed by comparing non-aged specimens (Figure 6.7a) with the condition after ageing
(Figure 6.7b). The application of tape on the outer surfaces of the specimens showed to
be effective in diminishing the degradation of metal adherends aged in salt fog. However,
the average weight measured from the aged specimens is 142.9+1.7 g, which means a
decrease of 1.1% of the initial weight. This shows that the weight reduction due to
corrosion of the steel member under long-term exposure to harsh environmental
conditions had dominant effect against the weight increase due to moisture absorption of
the adhesive [16] and the composite laminate [25]. These combined parameters make it
difficult to determine the degree of moisture saturation at the bonded interface based on
the measured weight during the conditioning process.

The effect of corrosion is noted on the sides of specimens, as shown in Figure
6.8. The presence of corrosion products is observed over the metal and composite sides
of aged specimens (Figure 6.8b), in comparison with the non-aged sample (Figure 6.8a).
This shows the degradation of the sides of the steel member exposed during the ageing
period. Literature states the galvanic corrosion of the composite material occurs as
consequence of corrosion product depositions, acting as electric bridges between steel
and exposed carbon fibers [32]. Overall, only the sides of the specimens were

significantly affected by the ageing conditions.
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Figure 6.7: Steel outer surface (a) non-aged and (b) aged conditions.

ive layer

adhesive layer

Figure 6.8: Side view of a section of (a) non-aged and (b) aged specimens.

6.4.2 Test results

Non-aged and aged specimens were tested using the MMB test method described
in section 6.2.3. Aged specimens were abraded on the sides with sandpaper prior to the
experiments to ensure accurate crack length monitoring during tests. Tests were
performed in two different configurations, i.e., two lever lengths, as shown in Table 6.2.
The lever length of 110 mm is the limitation obtained from the numerical model for which
linear elastic behavior of the metal arm is guaranteed and the SBM can be evaluated for
the fracture characterization. The lever length of 150 mm corresponds to the maximum

length of the available equipment.

Table 6.2: Test matrix.

) - Lever length, Lever weight, Lever center of
Specimen  Condition )
¢ (mm) Pg (N) gravity, cg (mm)

01-04 non-aged 110 17.6 40
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05-08 non-aged 150 28.7 130
09-12 aged 110 17.6 40
13-16 aged 150 28.7 130

Figure 6.9 shows the load-displacement curves obtained from the MMB tests.
Composite-to-metal bonded joints exhibited typical curves, similar to standard symmetric
specimens subjected to ageing conditions [42]. Results of non-aged and aged specimens
tested with a lever length of 110 mm are presented in Figure 6.9a. It can be noticed that
the maximum load achieved by the aged sample is higher than the non-aged ones. This
means that the bonded structure required higher loadings for crack initiation after ageing
in saline atmosphere. However, specimens tested with a lever length of 150 mm presented
similar curves in both non-aged and aged condition, as shown in Figure 6.9b. The ageing
process did not affect the performance of the bonded joint when tested at 150 mm. The
overall stiffness of the structure was hardly affected by the ageing conditions, given the
reduced effect of corrosion at the steel member (see Figure 6.7) as well as the stability of
carbon fibers in the presence of moisture [26]. Moreover, the effect of galvanic coupling

seems to be negligible to the stiffness of the laminate.
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Figure 6.9: Load-displacement curves of tests with lever length of (a) 110 mm and (b)
150 mm.

6.4.3 Fracture toughness

The effect of ageing on the interface fracture of the bonded materials is measured

by the variation of the fracture toughness. It is assumed that the mechanical properties of
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the adherends remain the same after the ageing process. Therefore, only the adhesion
mechanisms are considered in the analysis. The fracture toughness was obtained in terms
of the total fracture energy (G) and the fracture mode ratio (Gu/G) using the numerical
and analytical methods described in sections 6.3.1 and 6.3.2, respectively. The numerical
results were calculated every 5 mm and the analytical results were calculated every 1 mm
of the crack propagation.

Figure 6.10 shows comparative results of the fracture energy obtained from the
FEM/VCCT and the SBM in the two different testing configurations. Numerical values
of the total fracture energy are shown to be consistent along crack propagation. Results
calculated using the SBM deviated by 15% from the FEM/VCCT at crack initiation and
converged as the crack length increases. This is attributed to the effects of transverse shear
stresses that are not considered in the SBM but can be significant when testing beams
with high thickness-to-span ratio [47].

The fracture mode ratio obtained from numerical and analytical methods is
presented in Figure 6.11. Numerical results (FEM/VCCT) presented nearly constant
results along the crack propagation with a slight reduction of the mode Il portion at the
crack propagation points near the specimen half-length. In addition, the global mode ratio
at the whole specimen, obtained from the SBM, showed good agreement with the local
mode ratio at the crack tip, obtained from the numerical simulations. This indicates that
the effect of the FPZ is negligible. The SBM predicted, with accuracy, the partitioning
ratio of the composite-to-metal bonded joints. The test configuration with a lever length
of 110 mm produced 20% mode Il and the lever length of 150 mm resulted in 15% mode

Il fracture ratio.
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Figure 6.10: Fracture energy of a representative specimen tested at a lever length of (a)
110 mm and (b) 150 mm.
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Figure 6.11: Fracture mode ratio.

The average fracture energy (Gave), presented in Figure 6.12, provides a
comparable data for the evaluation of the ageing effect on the fracture performance of the
tested specimens. Figure 6.12a shows the mean fracture energy at crack initiation of the
4 repeats of each configuration. It reveals a significant increase of 27% of the fracture
energy at crack initiation when tested in 20% mode Il. In the case of specimens tested in
15% mode 1, the fracture energy showed a slight increase of 7% at crack initiation. The
region of crack initiation is directly affected by the moisture across the whole width and
resulted in an increase of the fracture toughness. This seems to be related to the shear
behavior of the adhesive and is attributed to the effect of plasticization [35, 37]. Figure
6.12b shows the mean fracture energy at crack propagation points (from 35 to 65 mm
crack length) of the 4 repeats of each configuration. A negligible variation is observed of
3% of the fracture energy at 20% mode Il during crack propagation, while a reduction
15% of the fracture energy is noted at 15% mode Il. As expected, the SBM showed good
agreement with the numerical results. Moreover, the average fracture energy obtained
from the SBM deviated by 15% from the FEM/VCCT at crack initiation (Figure 6.12a)
and 6% during propagation (Figure 6.12b), as observed in Figure 6.10.
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Figure 6.12: Average fracture energy at (a) crack initiation and (b) propagation.

6.4.4 Fractography

a) crack initiation
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b) crack propagation
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Representative images of the fracture surfaces are presented in Figure 6.13. Both

non-aged and aged specimens presented most of the adhesive stuck to the composite

adherend (lower surface), while a thin layer of adhesive remained on the metal side (upper
surface). Overall, the non-aged specimens (Figure 6.13a) exhibited thin-layer cohesive

failure as the triggering failure mode. This observation confirms good bond quality and

ensures high joint efficiency. In the case of the aged specimens (Figure 6.13b), moisture

penetration is noticed on both side edges of the fracture surfaces.

161



a) non-aged specimen
composite side metal side

b) aged specimen
composite side metal side

Figure 6.13: Fracture surfaces of (a) non-aged and (b) aged specimens.

A detailed analysis of the fracture surfaces was performed using a field emission
scanning electron microscope (SEM) (JSM-7500F, JEOL, Japan). Prior to examination,
samples were coated with two ultra-thin (15 microns) layers of gold using a sputtering
system (Q300T D, Quorum Technologies, United Kingdom) for the SEM analysis of non-
conductive materials. Figure 6.14 shows typical fracture surfaces from the metal side of
non-aged specimens using magnifications of 100 and 500 times. Crack propagation
direction is from the left to the right side of the images. Both test configurations of 20%
mode Il (Figures 6.14a and 6.14b) and 15% mode Il (Figures 6.14c and 6.14d)
demonstrated similar surfaces of cohesive failure with the presence of air voids and
scarps. These features confirm that the fracture occurred with dominant mode | loadings
in both test configurations [25, 28]. No significant difference in the failure mechanisms
was noticed between the two mode ratios.
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Figure 6.14: SEM images of non-aged specimen tested with ¢ = 110 mm (20% mode II)
at (a) x100 and (b) x500 and tested with ¢ = 150 mm (15% mode 1) at (c) x100 and (d)
x500.

Figure 6.15 shows the fracture surfaces from the metal side of an aged specimen
using magnifications of 100 and 500 times. Images were obtained in three different
regions: at the center of the surface, near the edge, and in an intermediate region. Images
from the center (Figures 6.15a and 6.15b) and intermediate (Figures 6.15c and 6.15d)
regions show the presence of adhesive attached to the metal surface indicating cohesive
failure, such as the non-aged specimens in Figure 6.14. However, slight less scarps on the
adhesive surface can be observed, indicating a certain variation of the failure mechanism
in these regions. Images obtained from regions affected by moisture (Figures 6.15e and
6.15f) showed remarkably distinct fracture surfaces of seemingly adhesive failure. The
occurrence of micro-cracks observed at high magnification (Figure 6.15f) indicates the
presence of corrosion products at the interface due to the degradation of the metal
adherend.
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Figure 6.15: SEM images of aged specimen in 100x and 500x, respectively, at (a, b)
center, (c, d) intermediate and (e, f) edge regions of the fracture surface.

In order to have a better understanding of the failure mechanisms, a chemical
characterization was performed by using Energy-Dispersive Spectroscopy (EDS),
available in the SEM equipment. Figure 6.16 shows the chemical spectrum of the regions
presented in Figure 6.15, in terms of counts per second per electron-volt (cps/eV). Results
reveal the presence of chloride [CI] in the region of moisture penetration near the edge of
the fracture surfaces (Figure 6.16c), while it was not found at the center and intermediate
regions (Figures 6.16a and 6.16b). The incidence of salt traces at the fracture surface is
an indication of adhesive failure due to degradation and ingress of salt within the interface
[28]. Additionally, the higher content of iron [Fe] and oxygen [O] elements confirm the
presence of corrosion products at the interface, as noticed in Figure 6.15e and 6.15f.

Moreover, minor amounts of aluminum [Al] and silicon [Si] contaminations are observed
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at the center and intermediate regions. The presence of these elements can be attributed
to the surface preparation of the metal adherend.

a)

Figure 6.16: EDS of aged specimen at (a) center, (b) intermediate and (c) edge regions.

Figure 6.17 shows the relative weight content of the chemical components at the
fracture surfaces of non-aged and aged specimens. The gold [Au] content was excluded
from this analysis. The non-aged specimens demonstrated a high content of carbon [C]
and oxygen [O] elements in contrast to the slight presence of iron [Fe], which shows the
dominant presence of adhesive in the fracture surfaces. In the case of aged specimens, the
increased incidence of iron [Fe] indicates an exposed metal interface at center and
intermediate regions. This suggests a combination of cohesive and adhesive failure in
regions unaffected by the moisture, occurred closer to the interface with the incidence of

the interfacial fracture.
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Figure 6.17: EDS of aged specimen at center, intermediate and edge regions of the

fracture surface.

The results obtained from the fractographic analysis help to explain the effect of
salt spray ageing on the mechanical behavior of the bonded joint. The failure mode shifted
from thin-layer cohesive to to adhesive failure in the regions where the ingress of moisture
and salt is observed. Additionally, the ageing process also affected the metal-adhesive
interface in regions where the ingress of moisture was not observed, changing from thin-
layer cohesive failure to a combination of thin-layer cohesive and adhesive failure. This
degradation mechanism is important since a very long exposure time is needed in order
to have a significant penetration of moisture within the interface. Therefore, the decrease
of the fracture toughness observed at crack propagation can be related to the degradation
of the interfacial adhesion between metal adherend and adhesive. Moreover, the increase
of the fracture toughness observed at crack initiation may be related mainly to the

mechanical behavior of the adhesive material than the failure mode.

6.5 Conclusion

The effect of long-term environmental exposure on the performance of
composite-to-metal bonded joints was investigated. Bi-material bonded specimens with
steel and CFRP adherends were manufactured and aged in salt fog. MMB tests were
performed for non-aged and aged specimens and the mixed-mode fracture ratios were
obtained using the virtual crack closure technique (FEM/VCCT) and the strain-based

method (SBM). The fracture surfaces were analysed in order to evaluate the failure
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mechanisms and their association with the performance of the bonded materials subjected
to environmental exposure.

The metal adherend suffered significant damage during ageing in salt spray
environment. The combined effects of corrosion on the metal and moisture uptake on the
adhesive and composite made it difficult to determine the degree of moisture saturation
at the bonded interface based on the measured weight during the conditioning process.
Overall, the long-term exposure to salt spray environment did not have a drastic effect on
the adhesive layer although it was extremely aggressive to the steel adherend. The
presence of corrosion products resulted from the steel degradation was observed at the
sides of the specimens and at the interface, together with the salt and moisture.

The strain-based method (SBM) predicted, with accuracy, the fracture mode
ratio of bi-material bonded joints. It proved to be an easy and reliable solution based on
closed form equations with parameters obtained directly from the experiments that allows
the characterization of fracture behavior of cracks between different materials. In contrast,
the use of numerical solutions requires the use of complex models and high computational
cost.

Non-aged specimens demonstrated thin-layer cohesive failure occurring near the
metal adherend. The effect of ageing resulted in an increase of the fracture toughness at
crack initiation. This seems to be related to the shear behavior and plasticization of the
adhesive. At the same time, the penetration of moisture at the edges of the fracture surface
produced adhesive failure in these regions affected by moisture. Additionally, the failure
mode at the unaffected regions of the fracture surface of aged specimens shifted from
thin-layer cohesive failure to a combination of thin-layer cohesive and adhesive failure.
This may explain the typical changes of the mechanical behavior of bonded joints at initial

stages of ageing followed by a steady condition when pure adhesive failure is reached.
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Chapter 7

Conclusions and Final Remarks

This Chapter summarises the main conclusion and contributions from each of the
interconnected topics studied in this Thesis. At the end, it provides a list of the scientific

papers resulted from this research project.
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7.1 Main conclusions and contributions

The improvement of structural performance requires innovative applications of
composite materials to replace traditional materials in the design of structures. In the
offshore industry, the composite repair technology has emerged as a promising alternative
for the rehabilitation of metal structures subjected to harsh environment. In this sense,
adhesive bonding technology is usually the preferred joining method for composite and
metal parts. Literature reveals challenges and limitations in the present methodologies for
optimizing the design and ensuring structural integrity of composite-to-metal bonded
structures. In this Thesis, the mixed-mode fracture behavior of bonded joints was
investigated and a new methodology was developed for the fracture characterization of
bi-material crack propagation. The fracture behavior of composite-to-metal bonded joints
was assessed under mixed-mode loadings. Then, the effect of design and manufacturing
parameters on the performance of the structure was evaluated. After that, the influence of

environmental conditions was addressed.

7.1.1 Mixed-mode fracture characterization of bi-material cracks

An analytical method based on beam analysis was proposed for the calculation
of the total fracture energy and mode partitioning of bi-material crack propagation: the
strain-based method (SBM). A validation of the SBM was performed though a parametric
study using the finite element method (FEM) with the virtual crack closure technique
(VCCT). The methodology was applied on the experimental analysis of a composite-to-
metal bonded joint using the mixed-mode bending (MMB) test. Effects of design
parameters, manufacturing and environmental conditions on the performance of the bi-
material bonded structure were evaluated.

The MMB test method showed potential for the experimental evaluation of the
mixed-mode fracture of bi-material bonded joints. The strain-based specimen design was
successfully applied to the MMB test although the metal yielding point imposes
limitations on the maximum contribution of mode Il fracture in the MMB test.

A finite element (FE) model of the MMB test using the VCCT with a bi-material
joint produces mesh size dependent results. This problem can be circumvented by
modelling a thin layer with the same material on both sides of the crack. Then, the total

fracture energy and mode ratio of bi-material cracks can be predicted.
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The fracture energy calculated from the SBM was benchmarked against FE
models. The SBM predicts a coupling relationship between the pure modes and allows
obtaining the fracture mode ratio of bi-material cracks through a simple design criterion
based on the longitudinal strain equivalence between arms of the specimen. The total
fracture energy and mode ratio were obtained for a wide range of specimen thicknesses
and materials. Then, it was applied to the fracture characterization of composite-to-metal
bonded joints. The SBM proved to be an easy and reliable method that allows
characterizing mixed-mode fracture behavior of a crack propagation between different
materials through a simple formulation. In contrast, the use of numerical solutions
requires the use of complex models and high computational cost.

Limitations of the SBM include considerations of transverse shear effect and
crack tip rotation. Specimens with relatively large thickness may produce significant
errors in the analytical model and, therefore, geometrical limitations should be considered
in the specimen design. Additionally, the SBM relies on the principles of linear elastic
fracture mechanics (LEFM). Effects of the fracture process zone (FPZ) developed ahead
of the crack tip are not taken into account, but may be significant in bonded structures

using a ductile adhesive and thick adhesive layer.

7.1.2 Effect of design and manufacturing parameters on composite-to-

metal bonded joints
The SBM was applied to investigate the influence of an inserted layer of glass
fiber mat as a toughening mechanism to improve the fracture performance of composite-
to-metal bonded structures. Specimens were manufactured by hand lay-up using two
different consolidation processes: at room pressure or using vacuum bagging. Results
showed that crack tends to propagate in the interface between the adhesive layer and the
upper arm of the specimen due to the higher stresses caused by the MMB loading
configuration. In the case of a CFRP adherend without GFM, cohesive failure within the
adhesive layer is the dominant failure mode under high mode | fracture while a
combination of cohesive and interlaminar failure occurs in high mode Il fracture
condition. The insertion of a layer of GFM between adherends prevented the crack
migration to the CFRP adherend and introduced a preferential crack propagation path
within the GFM. The crack propagation within the GFM produced more irregular fracture
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surface height profiles when compared to the specimens without GFM. A more irregular
crack path resulted in higher fracture toughness due to the increase of the energy required
for the crack to propagate. Therefore, the adjacent composite layer to the adhesive
interface has an important role in the fracture performance of the bonded joint since it
affects the crack propagation path.

The manufacturing process affected the performance of the specimens with
GFM. The vacuum bagging technique produced a better fiber/matrix compaction of the
GFM and resulted in rougher fracture surfaces when compared to room pressure. On the
other hand, no change was observed in the fracture surfaces of specimens without GFM
despite the manufacturing process. The relationship between fracture surface roughness
and fracture performance is observed in both manufacturing processes although the
toughening effect is more evident in higher mode Il fracture conditions. The insertion of
a layer of GFM is expected to increase the fracture performance of composite repairs in
metal structures. The use of vacuum pressure in the consolidation of the composite, when

feasible, is recommended for optimizing the fracture performance of the bonded structure.

7.1.3 Effect of environmental conditions on composite-to-metal bonded
joints

The effect of long-term environmental exposure on the performance of
composite-to-metal bonded joints aged in salt fog was investigated. The metal adherend
suffered significant damage during ageing in salt spray environment. The combined
effects of corrosion on the metal and moisture uptake on the adhesive and composite made
it difficult to determine the degree of moisture saturation at the bonded interface based
on the measured weight during the conditioning process. Overall, the long-term exposure
to salt spray environment did not have a drastic effect on the adhesive layer although it
was extremely aggressive to the steel adherend. The presence of corrosion products
resulted from the steel degradation was observed at the sides of the specimens and at the
interface, together with the salt and moisture.

Non-aged specimens demonstrated cohesive failure occurring near the metal
adherend. The effect of ageing resulted in an increase of the fracture toughness at crack
initiation. This seems to be related to the shear behavior and plasticization of the adhesive.
At the same time, the penetration of moisture at the edges of the fracture surface produced
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adhesive failure in these regions affected by moisture. Additionally, the failure mode at
the unaffected regions of the fracture surface of aged specimens shifted from thin-layer
cohesive to a combination of cohesive and adhesive failure. This may explain the typical
changes of the mechanical behavior of bonded joints at initial stages of ageing followed

by a steady condition when pure adhesive failure is reached.

7.2 Future works

In this project, a literature review was carried out on the theories and approaches
for mixed-mode fracture characterization. It was noticed that methodologies for the
analysis of composite delamination of symmetric specimens are well stablished.
However, the real-life application of symmetric structures is limited. The development of
simple and reliable procedures for the analysis of multi-material structures is needed. The
analysis of asymmetric beams under pure mode | and pure mode Il fracture are current
objects of research. In the case of mixed-mode fracture crack propagation between
different materials, the partitioning between pure modes | and Il is still challenging.
Additionally, the expansion in applications of composite laminates requires the
development of models that incorporate the complex mechanical behavior of these
materials. The fracture characterization of cracks between multidirectional laminates is a
relevant topic for future studies.

The strain-based method (SBM) was proposed for the mixed-mode fracture
characterization of cracks between different materials. The model showed potential to
characterize the crack propagation of beams with dissimilar materials. However, there
may be limitations regarding the analysis of composite materials. A deeper study is
required in order to evaluate the condition for pure mode Il fracture considering the
bending-extension coupling of the materials.

Finally, the effect of degradation of composite-to-metal bonded joints in moist
environment was evaluated under mixed-mode fracture conditions. However, in
operational conditions, variety of different parameters, such as temperature and cyclic
loads, will also affect the long-term performance of the bonded structure. Future
endeavors may focus on the evaluation of different independent parameters as well as the
combined effects, such as hydrothermal ageing. Since the glass transition temperature of
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adhesives and resins are relatively low, the thermal condition is expected to have a major

influence on the performance of these structures.
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