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Abstract

This thesis develops a numerical and experimental framework to model and characterise

the rate-dependent mechanical performance of adhesively bonded structures. Exper-

imental methods suitable for various strain rates – including impact – enable direct

measurement of mechanical properties to derive accurate adhesive interface models –

such as the cohesive zone modelling approach. First, this thesis explores a newly de-

veloped experimental method. This was developed to enable the characterisation of

adhesive joints for different loading rates. The method is then used to characterise

the rate, fracture mode and thickness dependent behaviour of ductile adhesive inter-

faces. Microstructural analysis is performed to prove the validity of the experimental

measurements to calibrate cohesive zone models. These results are also used to rank

two different types of adhesives: paste and film adhesive. Second, the experimental re-

sults are used to develop a cohesive zone model that captures all critical aspects of the

observed phenomena. Third, fracture mechanics experiments are performed to under-

stand the rate-dependent behaviour of similar and dissimilar material combinations. A

new data acquisition method is developed for the high-rate mechanical response of the

adhesive interface which relies entirely upon digital image correlation. Moreover, ex-

periments with dissimilar material combinations provide information about the failure

sequence which depends upon the loading rate regime. To the author best knowledge

this is the first time that dynamic fracture mechanics experiments are performed in

hybrid material adhesive structures. Finally, simulations of the experiments for both



material combinations are used to validate the newly developed cohesive zone model.

The ability of the model to predict cohesive failure under a wide range of strain rates

and fracture modes is demonstrated. The simulations are then used to rationalise the

failure performance of hybrid material adhesive joints.
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Chapter 1

Introduction

1.1 Structural adhesive joints

The increasing industrial demand for lower emissions and higher energy efficiency rely

upon achieving e.g. lighter structural components. The principle of lightweight design is

to use less or lower density materials while ensuring the same or even enhanced structural

integrity – this can be achieved by appropriate materials selection, advanced structural

optimisation, or a combination of both [1, 2]. Many lightweight engineering materials

exist such as aluminium and titanium alloys, or fibre reinforced plastics (FRP) to name

a few. Moreover, advanced computational tools allow designers to achieve light and

optimal structural components with complex shapes and sizes that often employ multi-

material combinations. To make these complex structures, the manufacturability is a

critical constraint. Within manufacturing, joining technology is a critical limiting factor

in achieving feasible optimal designs [1, 3].

Indeed, many industrial structural components are made with lightweight alloys. Re-

cent research has enabled the introduction of FRP in various engineering applications
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1.1 Structural adhesive joints

that have been traditionally dominated by metals. However, structural and design-safety

constraints might limit the employment of FRP structures [4]. A solution is to employ

a combination of FRP with materials that offer supplementary properties that can en-

hance the integrity of the part. This combination of similar or dissimilar materials can

be realised with different joining techniques. The type of joining method depends upon

the nature of the materials under consideration and their interaction with the applica-

tion environment. Traditionally, materials have been joined using several methods: e.g.

welding, bolting or riveting. Thermal joining techniques like spot welding or resistance

element welding require the materials to be thermally and/or chemically compatible to

reduce stress concentrations and structural changes. Figure 1.1 demonstrates the prin-

ciples of thermal joining techniques [5, 6]. On the other hand, mechanical fasteners such

as self-pierce rivets and flow-drill screws require the materials to withstand the intro-

duction of imperfections such as holes. These are schematically illustrated in Figure 1.2

[7, 8]. For FRP structures, drilling causes vulnerabilities that may negatively influence

Fig. 1.1 Graphical illustration of representatives for thermal joining techniques: (a) Spot
welding © Kistler [5] and (b) Resistance element welding © Böllhoff [6].
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1.1 Structural adhesive joints

Fig. 1.2 Example of mechanical fasteners and their graphical illustration: (a) Self-pierce rivets
© SETRIV [8] and (b) flow-drill screw © Böllhoff [7].

the structural integrity of the component by the introduction of structurally weak points.

Therefore, these joining methods show limited applicability for composite structures due

to their low allowable bearing stresses. Therefore, researchers have been intensively

focusing their efforts in developing adhesive joint technology – especially when working

with composites (FRP) [4]. Since the bonding process is performed at relatively low

temperatures and no holes or other structural features are introduced, the structural

integrity of the adherent materials is kept intact. Moreover, the mechanical character-

istics of the joint are improved: (i) no introduction of significant additional weight, (ii)

insulation capacity, (iii) sealing against gases and liquids, (iv) vibration damping, (v)

corrosion protection and (vi) compensation capability of different adherent dynamics.

Several industrial applications which consider structural adhesives joints are represented

in Figure 1.3. However, the introduction of new technologies requires the development

of novel assessment and characterisation techniques to better understand the mechanical

performance – particularly under complex and extreme environments. In this regard,

3



1.1 Structural adhesive joints

the structural adhesive joint being considered in the next generation of aeroengine fan

blades (which combines carbon fibre reinforced plastics (CFRP) and titanium alloys)

Fig. 1.3 Structural adhesive joints applied in industrial applications, [9–11].
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1.2 Adhesively bonded aeroengine fan blades

presents one of the most challenging and structurally demanding examples.

1.2 Adhesively bonded aeroengine fan blades

A typical gas turbine – of the type employed in the aerospace industry – is shown in

Figure 1.4(a). The four main sections of the engine are fan, compressor, combustion

chamber and turbine. The turbofan gains thrust by accelerating air rearwards. Much

of this air is accelerated by the fan and by-passes the engine. The trend in aeroengine

design is moving towards the construction of higher-bypass engines: the fan has become

a critical contributor to both the thrust and the efficiency of the aircraft. With such

an important role, technologies which allow the production of lighter, larger and more

efficient fans are vital. The gradual application of FRP – especially carbon fibre rein-

forced plastics (CFRP) – from non-critical components to primary structures is perfectly

exemplified here.

Traditionally, fan blades have been made from titanium alloys. However, most metals

are relatively high-density and this contributes significantly to the overall weight of the

aircraft. CFRP is an ideal candidate for these structures due to its lower density, which

Fig. 1.4 The (a) UltraFan turbine engine and (b) CTi fan blade © Rolls-Royce 2019.
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1.2 Adhesively bonded aeroengine fan blades

is approximately 1.5 – 2.0 g/cm3 (in comparison, the density of the titanium alloy Ti-

6Al-4V is 4.4 g/cm3 and of the aluminium alloy 2014A-T6 it is 2.8 g/cm3) and a high

tensile strength of approximately 2.8 GPa (while the tensile strength for Ti-6Al-4V and

2014A-T6 is 1.2 and 0.4 GPa respectively) [12]. Also, CFRP has good properties under

the low temperatures experienced at the entrance of the engine. Because of a significant

mass reduction and their associated reduction in inertial forces, larger fan blades and

higher engine speeds can be achieved. Thus, the aerodynamic efficiency of the fan could

be improved which would lead to a reduction in specific fuel consumption.

However, a number of challenges exist. For example, FRP results in a lower damage

tolerance, and it is difficult to visually detect damage. Nevertheless, CFRP offers very

effective impact energy absorption [13–15]: the intrinsic brittle nature of the compos-

ite leads to an energy dissipation mainly due to the creation of new surfaces induced

by fracture mechanical processes such as fibre rupture, matrix cracking, fibre-matrix

debonding, delamination and ply separation [16]. Although, a complete fracture of the

CFRP would be beneficial for the fan blade detachment, it compromises the integrity

of the fan during bird-strike incidents. Airworthiness regulations require the engine to

continue producing at least 75 % of maximum thrust after bird-strike – this would not

be fulfilled if the fan integrity is compromised [17].

Reinforcing the CFRP fan blade with titanium alloy leading and trailing edges has

been identified as a possible solution to overcome these challenges – Figure 1.4(b) shows

a CFRP fan blade surrounded by a titanium alloy frame. These two different materials

are joined using adhesive bonding technology. This joining technology offers many ad-

vantages for the use in aeroengine application such as (i) no significant additional weight,

(ii) enhancement of the CFRP blade resistance to foreign object damage and durability

improvements through the metal reinforcement, and (iii) facilitates of the overall aerody-

namic performance. Despite these advantages, adhesively bonded structures still require
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a more profound understanding of their durability in various application environments

such as: (i) large temperature changes, (ii) hygrothermal effects, and (iii) rate-dependent

fracture behaviour when subjected to impacting foreign objects. The latter is the focus

of this work.

1.3 Aim of the current research and thesis structure

Adhesively bonded structures are required to withstand dynamic loads. Designing

against this requires a thorough understanding of the rate-dependent behaviour of ad-

hesive bonded joints. Many investigations have been carried out under quasi-static

loading. However, few investigations in high-rate loading regimes have been reported.

Moreover, finite element analysis – generally the tool of choice when designing high-

integrity structures – relies upon accurate experimental characterisation to provide a

precise description of the structural dependence of failure as a function of the strain

rate.

First, a deeper understanding of the rate-dependent mechanical performance of ad-

hesive joints requires careful and systematic investigation of the difference in micro-

mechanical effects observable following the experimentation at different loading rates.

Second, with the obtained findings, representative material laws which accurately cap-

ture the relevant phenomena need to be developed. Third, the developed models need

to be validated. Finally, the application and utilisation of the models can be compared

by comparing against more complex structures and materials. The design-driven char-

acterisation cycle shown in Figure 1.5 graphically illustrates the motivation behind this

work. This should contribute to a more reliable prediction of the dynamic performance

of adhesively bonded structures.
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1.3 Aim of the current research and thesis structure

Fig. 1.5 Graphical illustration of the research motivation and design-driven characterisation
methodology.

The strategy for achieving the proposed aims and objectives is outlined in the chap-

ters layout presented in Figure 1.6 and summarised in the following: Chapter 2 provides

a general overview of literature about structural adhesive joints and their rate-dependent

mechanical performances which aims to justify the thesis objectives. Emphasis is given

to the different mechanical approaches found to describe and model (i) structural failure

and (ii) existing rate-dependent experimental testing methods and deformation mea-

surement approaches. Moreover, rate-dependent observations found in literature for the

adhesive joint’s critical materials are carefully reviewed, thus revealing the opportunities

for research carried out in this study.

In Chapter 3, a new experimental methodology was developed which employs the

fundamentals of stress wave propagation. This method allows a direct comparison of the

rate-dependent results over the investigated range of strain rates by keeping the specimen

geometry constant. Microscope techniques are employed to ensure the suitability of the

developed method and to determine some of the characteristic parameters necessary for

cohesive zone modelling. Additionally, results are used to identify the most appropriate

adhesive composition (choosing between paste and film adhesives) for the subsequent

8



1.3 Aim of the current research and thesis structure

investigation.

Chapter 4 experimentally investigates ductile adhesive joints and their rate-, thickness-

and fracture mode-dependent characteristics for similar substrates made out of the tita-

nium alloy Ti-6Al-4V. Fractography analysis and computed tomography x-ray scans are

used to identify the fractured surface microstructure and to qualify the adhesive layer

before testing. In the second part of this chapter, this information is used to develop a

material model of the adhesive interface. The model is calibrated and verified using the

results of the different fracture modes investigated.

In Chapter 5, a data acquisition method is developed to enable dynamic fracture me-

chanics experiments. These experiments are performed in a rate-dependent environment

to verify the data acquisition method and to investigate the mechanical performance of

Ti-6Al-4V adhesive joints. Microstructural analysis is employed to ensure only fail-

ure within the adhesive occurred. The experimental findings are used to validate the

material model developed in Chapter 3 and 4 for similar material combinations.

Chapter 6 investigates the rate-dependent failure sequence of dissimilar material ad-

hesive joints made out of CFRP and Ti-6Al-4V adherents. For that, fracture mechanics

experiments are performed under quasi-static and high-rate loading environments. Nu-

merical simulations of the experiments are carried out to (i) confirm the rate-dependent

failure sequence and (ii) to validate the material model of the adhesive interface for

dissimilar material combinations.

Finally, Chapter 7 summarises the findings reported in the thesis. Special attention

is focused on how the combination of the experimental work and the numerical modelling

has been used to further expand the knowledge of the rate-dependent performance of

hybrid material adhesive joints. Future research work is also identified to refine the

investigation.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, a critical review of the available literature is presented – this is used to

justify the proposed aims and objectives of this research.

2.2 Structural adhesive joints

Adhesive bonding offers many advantages when comparing to traditional joining tech-

niques such as welding, riveting or bolting. For example, metallic adhesive bonds can

be manufactured at low temperatures which enable the use of thin metallic sheets free

of warping [1]. Thus, a change in the metallic structure – evident when welding or sol-

dering – is avoided. Additionally, the load in an adhesive bond is distributed over the

whole bonded area. This results in a high quasi-static and dynamic loading capacity.

Also, fibre reinforced plastics (FRP) can be employed without introducing artificial holes

which would negatively influence the structural integrity.

11



2.2 Structural adhesive joints

Moreover, adhesive bonds also allow hybrid material combinations such as metal-to-

composite. In these cases, the adhesive can also act as an isolation or damping material

which for instance can prevent contact corrosion [3]. However, there are many factors

influencing the quality of the adhesive bond. Therefore, each specific connection needs

to be analysed. For that, detailed understanding of the adhesive itself and its application

in bonded structures is required.

2.2.1 Introduction to adhesive joints

Generally, adhesive bonds are fixed combinations in which a synthetic material (adhe-

sive), placed between two components (adherents) of similar or dissimilar materials, is

solidified as shown in Figure 2.1. The connection between the adherents and the ad-

hesive results from the surface grip (adhesion) and the inner strength of the adhesive

(cohesion). Cohesion is a result of the inner bonding forces between molecules in the

cured state of the adhesive. Often, it is assumed that the strength of the adhesive is low

when compared to the strength of the adherents. In these cases, the adhesive strength

is of high importance for the macroscopic total strength of the adhesive joint. On the

other hand, adhesion relies upon the chemical, physical and thermodynamic properties

of the forces acting between the adherents and the adhesive. In order to optimise the

adhesion forces, surface treatments of the adherents have to be considered – these aim

Fig. 2.1 Graphical illustration of an adhesive joint and the acting bonding forces.
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2.2 Structural adhesive joints

to enlarge the effective contact surface [3].

Depending on the material selection of the adherents, different reaction types can

occur in combination with the adhesive owing to the distinct atomic structure of the

different materials. Metallic adhesive bonds generally do not result in chemical reaction

or in structural influences of the adherents’ surface when bonding with adhesives. How-

ever, when using FRP, such as carbon fibre reinforced plastics (CFRP), an interaction

between the adherent and the adhesive interface can occur due to their similar chemi-

cal structure [2]. Therefore, it is important to consider the specific adherents material

characteristics when using adhesive bonding.

2.2.2 Surface treatment of the adherents

The surface treatment is crucial for a high adhesive joint quality [12]. As already men-

tioned, the surface treatment is required to optimise the adhesion forces between the

adherents and the adhesive layer. Thus, the effective contact surface needs to be en-

larged.

The surface treatment is a process which involves the surface preparation and the

treatment itself. First, the to-be-bonded surface is intensively cleaned and degreased.

Second, with mechanical, chemical or physical technologies, it is possible to treat the

surface. Grinding and grid-blasting are examples of mechanical surface treatments.

The physical treatments can be performed using Corona discharge or laser methods.

Treatments with oxide or non oxide acids and the electro-chemical preparation systems

belong to chemical surface preparation. These three treatment techniques are usually

applied to the bonding surfaces of the adherents prior application of the adhesive. In the

case of CFRP, it is also possible to use peel ply material to generate a distinct surface

structure.
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2.2 Structural adhesive joints

Fig. 2.2 Explanation of surfaces using different geometrical structures [3].

For optimal adhesion forces, it is necessary to obtain an optimal microscopical sur-

face. The geometrical structure is critical – i.e. the surface energy of the interface,

the effective surface for the creation of adhesion forces, and the mechanical anchoring

of the adhesive layer with the adherents’ surface. There are three types of geometrical

structures presented in Figure 2.2: (i) the geometrical surface, (ii) the true surface and

(iii) the effective surface. The geometrical surface is defined by the dimensions of the

adherents while the true surface is determined with the apparent roughness and defines

the adhesion characteristics of the adhesive joint. The effective surface plays an impor-

tant role for the adhesion forces. It is determined by the degree of wetting of the true

surface. Thus, the effective surface is developed in combination with the adhesive [3].

The choice of the surface treatment depends upon the employed adherent material

and its physical and chemical characteristics. When the suitable surface treatment

has been chosen, the bonding process can be performed. For that, a suitable adhesive

needs to be chosen under consideration of the desired application and the in-service

environmental conditions. The different adhesive types are described next.

2.2.3 Adhesives types

Polymeric materials used as adhesives can be classified by: (i) structure, (ii) curing

method and (iii) origin. Accordingly, this study distinguishes the adhesives based on

their polymeric origin in thermoplastic and thermosetting adhesives. Figure 2.3 graphi-
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2.2 Structural adhesive joints

cally illustrates the microscopic differences between the thermoplastic and thermosetting

polymeric structure.

Thermoplastic materials mostly comprise of molecules with a linear structure which

is not influenced by lateral bonds and therefore unable to link with other molecules.

This enables their reprocessing since no cross-linked structure needs to be dissolved. In

addition to that, their mechanical properties change enormously above the glass transi-

tion temperature (Tg). Owing these properties, thermoplastic materials are believed to

be unsuitable for critical service conditions such as high temperature or radiation.

Thermosetting adhesives are characterised by their high modulus and strength, as

well as their good creep resistance. By adding hardening systems, the typical molecular

structure of the thermosetting adhesive is defined by a three-dimensional molecular

network which results in the typical characteristics mentioned above. Due to these

characteristics, thermosetting adhesives are extensively applied in industrial sectors in

which high loadings and temperatures occur. However, the highly cross-linked molecular

structure of the adhesive material often tends to exhibit brittle behaviour which is not

acceptable for many demanding engineering applications. By adding a second phase –

typically in the form of rubber particles – the toughness of the adhesive can be increased

Fig. 2.3 Graphical illustration of the microscopic difference between thermoplastics and ther-
mosets.
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2.2 Structural adhesive joints

without substantially changing other important properties. This second phase enables

an enhancement of the fracture toughness with the creation of different dissipated energy

mechanisms which are explained in detail in [12].

2.2.4 Temperature dependency of adhesives

It is assumed that the material characteristics of an adhesive changes drastically within a

temperature-loaded connection consistent of two stiff adherents and an adhesive. Adhe-

sives are polymers which are composed of polymeric macromolecules. For thermosetting

adhesives, these macromolecule chains experience during the bonding procedure a chem-

ical curing reaction through annealing which results in a three-dimensional molecule

structure. After the curing process, this molecule structure is fixed and unable to be

dissolved [1, 2, 18].

Liquid reactive resin (thermoset adhesive) undergoes three different phases during

its transformation to a glassy solid (cured adhesive) as it is illustrated in Figure 2.4(a).

Within these three phases, the resin is present as sol, gel and glassy sols. The sol-phase

is defined by a resin which can be still completely dissolved in solvents. On the contrary,

Fig. 2.4 Graphical illustration of the a) curing progression with thermoset adhesives and b)
temperature dependent adhesive conditions.
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2.2 Structural adhesive joints

within the gel-phase, the resin is completely cured and indissoluble. In the case of glassy

sols, it consists of insoluble and dissolvable fractions. In the state of the molecular gel

formation, the resin has already reached a three-dimensional cross-linking structure.

Glass formation, on the other hand, describes a so-called freezing of the cross-linked

state, which has occurred in the area of gel formation. The reaction kinetics are greatly

reduced at this stage. The material properties are determined by both the degree of the

cross-linking (curing rate) and by temperature-related decomposition [1, 2, 18].

As already mentioned, thermoset molecular structures are insoluble after curing.

However, the cross-linked molecules soften at an elevated temperature. This temperature

is commonly known as the glass transition temperature Tg. In the area of the glass

transition temperature, large property changes can take place. Tg indicates the transition

from the energy-elastic (brittle) to the entropic-elastic (rubber-elastic) condition. Figure

2.4(b) shows the schematics of the temperature dependency, especially around Tg.

2.2.5 Failure mechanisms of adhesive joints

The mechanical performance and failure behaviour of adhesive joints is influenced by

many factors. Some of the most important ones are: (i) the surfaces finish, (ii) the

surface preparation, (iii) the bonding process, or (iv) a combination of all of them.

When producing an adhesive joint, defects such as dust or particles might be introduced.

These imperfections create voids which negatively influence the mechanical performance

of the interface. Distinctive failure modes for the adhesive exist: cohesive fracture

(Figure 2.5(a) and (b)), adhesion fracture (Figure 2.5(c)) and adherent fracture (Figure

2.5(f)) [3]. Cohesive fracture is described as the destruction of the adhesive cohesion

by several defects such as micro-cracks and notches. The fracture path can lay either

at the centre of the adhesive (Figure 2.5(a)) or near the interface (Figure 2.5(b)) [3].
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2.3 Adherents and their failure mechanisms

Fig. 2.5 Fracture types of adhesive joints.

Adhesion fracture (interfacial failure) occurs when the adhesive debonds directly from

the adherent. Other failure modes are a mixed-type of cohesive and adhesion fracture,

where a crack propagates from one interface to the other (Figure 2.5(d)) or where it

jumps between the interfaces coupled with some interfacial propagation (Figure 2.5(e))

[3]. Post-mortem analyses of the adhesive fracture surface is a good way to assess

whether the adhesive joint performed at optimal capacity or whether avoidable defects

could have been prevented during the bond preparation.

2.3 Adherents and their failure mechanisms

Generally, failure of components occurs due to imperfections and cracks that grow under

the applied load. Crack initiation and crack growth relies heavily on the microstructural

characteristics of the material. For each material the causes of cracking are different.

Therefore, the next sections illustrate the causes of cracks for the adherent materials
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2.3 Adherents and their failure mechanisms

used in this research.

2.3.1 Titanium

Titanium is a metal where atoms are arranged in a hexagonal close packed (HCP) lattice.

Bulk-scale titanium is composed of many of these lattices, or crystals, which differ in

orientation. These crystals meet at grain boundaries where the mechanical response of

the grain boundaries differs from that of the grain bulk. The resulting bulk material

is thus highly anisotropic, owing to the intrinsic low symmetry of the HCP structures

combined with the differing orientations between grains. Moreover, defects, impurities

or irregularities might be introduced during the material production process. Thus,

these defects might support the nucleation of voids and micro-cracks. From the physical

point of view, these defects are considered part of the meso-scale.

On the micro-scale level, defects exist in the crystal lattice itself and are divided in

point, line and surface imperfections. As point defects, vacancy, interstitial atoms and

impurity atoms can be named. Dislocations are representatives for line imperfections.

Surface imperfections are high-angle grain boundaries and twin-angle grain boundaries.

Nevertheless, dislocations play an important role in the mechanical performance of met-

als. The gliding of dislocations introduces a slip of the lattice plane where a new surface

might be introduced. This microscopic mechanism explains the macroscopic plastic ma-

terial behaviour together with the good capacity of metallic materials to absorb strain

energy within the grains. Moreover, the dislocations tend to accumulate on barriers

such as inclusions or grain boundaries. This results in a consolidation in macroscopic

observations which leads to stress concentrations which may cause cracks [19].
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2.3 Adherents and their failure mechanisms

2.3.2 Carbon fibre reinforced plastics

Fibre reinforced plastics are amorphous solid bodies where atoms and molecules are

disordered. Due to this disorientation, regular defects such as dislocations or grain

boundaries cannot be identified. Defects in polymers are in the form of foreign particles

or micro-pores. The material structure of the plastic is characterised by long molecule

chains held together by two kinds of forces: (i) strong intra molecular (covalent bonds)

and (ii) weak inter molecular forces (Van der Waals forces). The complex branched

network of these molecular chains has been formed due to local entanglement or chemical

bindings. When applying an external load, microscopic deformation occurs in form of

individual chain segment rotation or chain stretching. The tearing of chains and the

intermolecular network points dissolve. This leads to local formation of micro-pores.

When considering carbon fibre reinforced plastics (CFRP), the microstructure rele-

vant for fracture mechanical considerations is given by the selective heterogeneous com-

position. Significant microscopic damage mechanisms like local fracture of the usually

brittle reinforcement particle-fibre, as well as the interfacial separation of the surround-

ing matrix might lead to cracking. Different damage initiation modes for unidirectional

composites are demonstrated in Figure 2.6 [20]. Detailed information about the fracture

mechanical performances of composites can be found elsewhere [2, 18, 21, 22].

Fig. 2.6 Representation of the different damage initiation modes for unidirectional composites
[20].

20



2.4 Mechanical approaches to describe fracture in adhesive joints

2.4 Mechanical approaches to describe fracture in

adhesive joints

Real-world materials include – even in their initial state – a multitude of micro- inho-

mogeneities and defects such as micro-cracks and pores. When deformation or loading

begins, these inner defects tend to increase and coalesce. Moreover, microstructural

features might act as stress concentration points, promoting even further the non-local

gradients of deformation: e.g. inclusions, grain boundaries or inhomogeneities. The

combination of these phenomena causes the defects to evolve rapidly. The consequence

is a change in the macroscopic properties of the material: generally a noticeable decrease

in strength and an eventual failure. The structural alteration of the material – where

the development, the growth and the unification of micro-defects occur – is called dam-

age. The damage leads to an entire dissolution of the linkage. That means, it leads to

material separation and to the creation of a macroscopic crack [23].

The fracture behaviour of adhesive joints depends on several factors and their com-

binations such as adhesive type, cure cycle, adherent type, and adhesive layer thickness.

Nowadays, there is still need for a reliable failure criteria which accounts for each one

of these factors. Indeed, an accurate failure prediction of adhesive joints is essential in

order to have a better understanding of their behaviour and to decrease the amount of

expensive testing during the design stage. In order to predict the behaviour of adhesive

joints under certain loadings, different theories and models are being developed. The

principal approaches for predicting the performance of adhesive joints in a continuum

mechanic framework are (i) the fracture mechanics method, (ii) the continuum damage

mechanics, (iii) the cohesive zone model, and (iv) the extended finite element method.

Their main characteristics are graphically illustrated in Figure 2.7. At the end of this

section, Table 2.1 presents an overview of relevant studies divided upon their mechanical
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2.4 Mechanical approaches to describe fracture in adhesive joints

Fig. 2.7 Overview of the different mechanical approaches to describe fracture: a) Fracture
Mechanics, b) Continuum Damage Mechanics and c) Cohesive Zone Model.

approach classification. Each of of these are described next.

2.4.1 Fracture mechanics approach

The fracture mechanics approach can be divided further into the linear fracture mechan-

ics (LEFM) and the non-linear fracture mechanics (NLFM). LEFM theory is applicable

to materials that experience negligible plastic deformation before failure, in which the

inherent inelastic deformation surrounding the crack tip is small. However, LEFM is

unsuitable for the failure of ductile adhesive joints due to the large non-linear defor-

mation before failure. Hence, alternative fracture mechanics models are required. This

extension of the LEFM leads to the theory of NLFM. The basic approach to model the

plastic zone was introduced by Dugdale [24] and Barrenblatt [25].

The fracture toughness is commonly used in fracture mechanics as an energy based

failure criteria. The energy approach states that “the crack extension (i.e. fracture)

occurs when the energy available for crack growth is sufficient to overcome the resistance

of the material” [23]. The basic formulation was established by Griffith [26] although the
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present version of this approach was developed by Irwin [27]. Griffith firstly recognised

the influence of cracks on the strength of any material or structure – see Figure 2.7(a). A

crack propagates if the required released elastic energy is higher than the energy for the

creation of new surfaces by a crack extension. The released elastic energy is expressed as

a function of the specific surface energy of the crack. The toughness can also be used as

a failure criterion in the theory of mixed-mode fracture mechanics for the prediction of

the appropriate crack path in order to calculate the strength of the joint under different

loading conditions [28]. The aforementioned mechanics are based on the linear elastic

fracture mechanics which assume the existence of crack and linear elastic behaviour.

However, in many joints, macroscopic defects may not be big enough to be considered

cracks. Therefore, the approach of the LEFM may be restricted for the most practical

applications, hence the necessity to find alternative approaches.

One alternative description of the fracture toughness based on the LEFM approach

is the stress intensity approach. Several researchers have studied the use of a stress-

intensity factor to predict fracture initiation for bonded joints [29–31]. One possibility is

to utilise the fracture initiation criterion at the corners of the interface [30]. This assumes

that when the stress-intensity factor approaches its critical value, the initiation of the

fracture takes place. Alongside, the fracture modes I, II and III have been introduced.

Figure 2.8 provides an overview of their different deformation direction with respect to

the cracked surface.

When the plastic area around the crack tip is not negligibly small when compared

to the crack length and the specimen thickness, the LEFM approach is not suitable.

Therefore, it needs to be extended to the non-linear fracture mechanics (NLFM) [24, 25].

Different approaches based on the elastic plastic behaviour around the crack tip zone

were developed to overcome this limitation. Rice (1988) [32] introduced the J-Integral

method which is demonstrated in Figure 2.7(a). This approach uses a parameter that

23
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Fig. 2.8 Representation of the different fracture modes I, II and III, [22].

characterises the crack tip conditions in a elasto-plastic material. It is based on the

assumption that elasto-plastic materials behave as a non-linear solid under monotonically

increasing stresses. Alternatively to the J-Integral method, the Virtual Crack Closure

Technique (VCCT) was introduced by Rybicki and Kanninen, [33]. The VCCT is a

modified version of the crack closure method which is based on the Irwin’s crack closure

Integral approach [34].

In general, the fracture mechanics approach is a convenient method to analyse crack

growth. The application of the fracture mechanics to the failure of adhesive joints

was pioneered by Mostovoy, Ripling and co-workers [35]. They developed the tapered-

double-cantilever beam joint geometry. Abdel Wahab et al. [36] used this approach

to calculate the energy release rate using nodal forces at the crack tip and opening

and sliding displacement of the crack for the double-lap shear and single-lap shear joint

investigation.

2.4.2 Continuum damage mechanics

The continuum damage mechanics (CDM) represents the micro-mechanical process of

damage as presented in Figure 2.7(b). It is based on the stiffness degradation of adhesive

elements imposed by a damage parameter. CDM allows to model the complete response
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of solids up to the final point of failure within a single analysis. To process the damage,

a representative volume element (RVE) is used. It combines the average of the appeared

macro-stresses and macro-distortions. The belonging characteristic length depends on

the material as well as on the damage mechanism. The state of damage is described

using a damage variable d [37–39]. This internal variable is generally written in the form

of an evolutionary law – it describes the development of damage in a physically adequate

way. For that, micro-mechanical models are used to describe the essential properties of

the defects which dictate the nature of the crack growth. In case of ductile damage, the

damage variable may be defined as the volume density of micro-voids. In general, when

micro-cracks and micro-cavities may exist, the physical definition of the damage variable

would be by the surface density of micro-cracks and by the intersections of micro-voids.

These are graphically represented in Figure 2.7(b).

The CDM acts as a link between the classical continuum mechanics and the fracture

mechanics. This connection allows one to describe the crack initiation in a macroscopic

crack-free body [37, 40]. Voyiadjis et al. [41] summarised the most relevant applications

of continuum mechanism-based CDM models for metal and composites at high strain

rates — more details can be found in [37, 40–42].

Several researchers have studied adhesive joints numerically using continuum dam-

age models [43–45]. The model of Gurson [43] has been used to model the cohesive

failure of the adhesive joint structure. This model is a micro-void damage accumulation

model based on porous material behaviour. It has been proposed originally for ductile

metals. The failure criterion in form of the void volume fraction is directly built in the

constitutive equations. As the critical value approaches, the loss of the stress-carrying

capacity of the material is introduced. However, the Gurson model relies upon a large

amount of parameters, most of which may not be physically explained. Additionally, the

model appears to be mesh and scale dependent. Needlemann and co-workers [44, 46–
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49] modified the Gurson model in order to account for void nucleation and coalescence.

On the other hand, de Moura et al. [45] applied a bi-linear stress-strain relationship

to model the cohesive failure process of the adhesive joint. This is comparable to the

traction-separation relationship used in the cohesive zone model.

In general, continuum damage models are known to be local models and therefore

do not account for size and geometrical effects. Therefore, they are known to be mesh

size sensitive [50].

2.4.3 Cohesive zone model

The cohesive zone model (CZM) is a phenomenological model where the damage evo-

lution law is generated differently. For the CZM, the progressive damage and fail-

ure can be modelled by means of a special discretisation tool called cohesive element

[24, 25, 44, 51, 52]. The CZM extends the concept of continuum mechanics by including

a zone of discontinuity. This allows the use of both strength and energy to describe

the debonding process. Its constitutive behaviour is characterised by the relationship

between the crack tip opening value and the cohesive traction which is graphically illus-

trated in Figure 2.7(c). The cohesive stress increases with an applied load up to a critical

material value and decreases with the moving crack faces up to zero for the separated

surfaces. Employing the area under the curve, it is then possible to estimate the dissi-

pated energy, more specifically the fracture energy – this quantifies the necessary energy

to separate two bonded surfaces. More details of the available traction-separation laws

(TSL) can be found in Ungsuwarungsri and Knauss [51].

Several researchers investigated experimentally the determination of the correct pa-

rameters necessary for describing a TSL [53–62]. Gustafson et al. [53] stated that the

correct representation of the TSL might be important from a fundamental perspective,
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however for predictive modelling it might not be necessary. The fracture energy and

the cohesive strength are believed to be the most important parameters for the model

results. Traditionally, they are obtained using fracture mechanics experiments such as

the end notched flexure (ENF) and double cantilever beam (DCB) specimens and sin-

gle lap joints (SLJ). Blackman et al. [54] investigated the influence of the maximum

stress on the results using a polynomial TSL. It has been concluded that the maximum

stress influences the compliance and the fracture energy. On the other hand Yang et

al. [55] used a trapezoidal TSL for validating ENF experiments. The CZM parameters

have been obtained by comparing the experimental and numerical results for the par-

ticular specimen geometry. The obtained parameters have been then applied to other

geometries.

Researchers have shown different computational methods in deriving the relevant co-

hesive parameters from experimental force-displacement readings. Some of these meth-

ods might include uncertainties or are challenging to reproduce [61, 63]. The most

important uncertainty is the shape of the constitutive response of the adhesive. In some

cases the shape of the TSL is of high importance [64–66] while in others it has shown no

influence [67, 68]. Gustafson et al. [53] investigated the sensitivity of ENF, DCB and

SLJ models on several cohesive parameters. They concluded that the DCB specimens

are useful for the determination of the fracture energy in mode I. However, the ENF and

SLJ models appear to be sensitive to several cohesive parameters.

Although the CZM approach offers great advantages over the classical fracture me-

chanic approach, there are still some associated disadvantages; (i) one needs to define

a priori the position of the critical plane which might not be practical when predicting

crack growth in solid structures under general loading conditions; and (ii) the CZM is

limited when the influence of the adhesive thickness is important since only one element

through thickness is used which neglects stress triaxiality to consider lateral constraints
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and necking. In this case, continuum damage models may be more suitable.

2.4.4 Extended Finite Element Method (XFEM)

In the classical finite element method (FEM) an unknown function is associated with

each element in what a domain is discretized. This unknown function is approximated as

a polynomial. This approximation of the unknown function will be closer to the exact

solution using a high order polynomial. However, when coupling FEM with meshing

tools, it is difficult to simulate efficiently the propagation of a crack. In order to avoid

mesh construction and its subsequent maintenance, the extended finite element method

(XFEM) can be used. This approach employs a local partition near a region of discon-

tinuities to represent a crack. The nodes which contain the crack surface are enriched

with a discontinuity function which describes locally the field behaviour [69–73]. That

means, the orientation of the crack tip changes depending on the nearby stresses. This

approach is illustrated in Figure 2.9.

Few investigations have studied the crack propagation of adhesive joints using the

XFEM theory [75–79]. Campilho et al. [75] applied the XFEM on the strength and crack

propagation prediction of DCB experiments. Similar to the CZM parameter identifica-

Fig. 2.9 Illustration of the XFEM approach [74].
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tion, the parameters necessary for the XFEM have been determined using standardised

test methods. The authors obtained a good representation of the force-displacement

curve and the crack propagation. On the other hand, Campilho et al. [76] investigated

the suitability of the XFEM using single lap joints (SLJ) and double lap joints (DLS)

experiments. They concluded, that the XFEM is not suitable for mixed-mode failure

performances. Moreover, Campilho et al. [77] compared the suitability of the XFEM

and CZM when modelling brittle and ductile adhesive joints. They realised, that the

CZM was able to accurately predict the brittle and ductile adhesive joints with a slight

overprediction in force for the polyurethane adhesives. Also, the CZM has been con-

firmed to be stable to the mesh size. In contrast, the XFEM was found to not be able

to predict the failure for shear dominant failure phenomena along the adhesive inter-

face. Moreover, it has been observed that the XFEM is mesh size sensitive. Mubashar

et al. [78] investigate SLJ and their use of the XFEM together with the CZM. The

XFEM was used for the fillet region of the bond in which the crack has been accurately

predicted. Additionally, it has been demonstrated that the combination of CZM and

XFEM successfully predicted next to the crack initiation also the crack growth.

The XFEM is believed to be advantageous over the CZM because one does not need

to pre-define of the crack path [79]. However, it seems to be highly sensitive to the mesh

size which limits its usability.

2.4.5 Rate-dependent models for adhesive joints

Most of the modelling work mentioned above has been calibrated using quasi-static (or

rate-independent) data. However, many industrial structures which use adhesive joints

are subjected to a wide range of loading rates. Therefore, one might find numerous

developments of rate-dependent models for adhesive joints. Following, some of the most
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relevant models are discussed.

Xu et al. [80] combined a rate-independent CZM and a Maxwell element (com-

prised of a dashpot and a spring) based on a standard linear solid model to capture

the rate-dependent behaviour of the joint: the CZM model captured the strength and

the critical separation while the standard linear solid model introduced the rate de-

pendency by means of two material parameters. However, this model cannot describe

complete debonding since the viscosity is independent from rate and damage — at high

rates the traction does not decrease to zero. Giambanco and Scimemi [81] developed

a rate-dependent interface model for generalised standard materials. This approach

considers the hardening but also the friction and the softening of the material. It is

defined within a thermodynamic framework and assumes that the viscosity decreases

with increasing damage – it employs a non-local instantaneous dissipation to include

the rate-dependency of the fracture process.

Marzi et al. [82] implemented an elasto-plastic rate-dependent CZM into the finite

element software LS-DYNA. With this, it is possible to simulate adhesive joints rate-

dependently. The fracture energy and the cohesive strength are defined as the rate-

dependent properties following exponential or logarithmic laws. However, the parameter

which defines the plateau for representing ductile behaviour is a constant. Depending on

the adhesive type, this constant might negatively influence the numerical representation.

Moreover, the model assumes strength and fracture energy to be constant as soon as

damage initiation has occurred. Since in reality the strain rate is not constant, May et

al. [83] have developed a CZM which takes this into account. Based on an extensive

experimental study and its derived parameters for the model, they have successfully

predicted experimental results of T-joint structures. Nevertheless, they concluded that

the strain rate dependency of the parameters until final failure and the strain rate

independent model upon damage initiation do not differ greatly.
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Table 2.1 Representation of relevant research studies for mechanical approaches to understand
adhesive joint fracture.

Fracture Mechanics - LEFM

Griffith [26] Pioneering work for describing fracture of materials using an energy approach
Irwin [27, 34]
Xu [29]

Studied fracture initiation using the stress intensity factorGroth [30]
Gleich [31]

Fracture Mechanics - NLFM

Barrenblatt [25] Pioneering work for extending the LEFM to account for
non-linear effects such as plastic zonesDugdale [24]

Rice [32] J-integral for measuring elastic-plastic material behaviour around the crack tip
Rybicki et al. [33] Development of the virtual crack closure technique (VCCT)

Mostovoy et al. [84, 85] Pioneered the use of fracture mechanics to adhesive joints
Development of the tapered double cantilever beam (TDCB)

Abdel Wahab [36] Calculated the fracture energy of adhesive joints using nodal forces and the VCCT
Continuum damage model

Kachanov [38] Continuum damage mechanics to characterise micro-voids and cavities in materials
Lemaitre [37] Further development of Kachanov’s model for ductile materials
Chaboche [39]
Gurson [43] Micro-void damage accumulation model based on porous material behaviour
Needleman et al. [44, 46–49] Modification of Gurson model to account for void nucleation and coalesnce
De Moura [45] Bi-linear damage model for adhesive joints

Cohesive zone model

Barrenblatt [25] Pioneering work for developing cohesive zone models to account
for non-negligible plastic zonesDugdale [24]

Ungsuwarungsri et al. [51] Different traction separation laws and their effects on the overall response
Gustafson et al. [53]

Experimental investigation of the parameter identification
for describing the TSL

Blackman et al. [54]
Andersson et al. [59, 60]
Yang et al. [55]
Bazant [63]

Numerical modelling of adhesive jointsGustafson et al. [53]
Tvergaard et al. [52]
Needleman et al. [44]

Extended finite element method

Belytschko et al. [69] Development of the XFEM
Fries et al. [70]
Campilho et al. [75–79] Investigation of adhesive joint fracture using XFEM
Mubashar et al. [78]

Rate-dependent models for adhesive joints

Xu et al. [80] Combination of rate-independent CZM and Maxwell element based on linear solid model
Giambanco et al. [81] Development of rae-dependent interface model within the thermodynamic framework
Marzi et al. [82] Development of rate-dependent elasto-plastic CZM and implementation in LSDYNA

May et al. [83] Development of rate-dependent CZM considering strain rate dependency of
strength and fracture until final failure
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2.5 Experimental methods for the rate-dependent

investigation of adhesive joints

The fracture analysis of adhesive joints relies upon the measurement of two key mechan-

ical factors: (i) the strength (critical stress) and (ii) the fracture toughness (J and KC).

For an accurate failure prediction, it is essential to find an appropriate way to measure

these characteristic parameters with precision [83]. Not only the experimental setup and

its corresponding specimens are of high importance but also the measurement method

for the data acquisition. In the next sections, the different experimental techniques and

data acquisition methods applicable for different loading regimes are reviewed.

2.5.1 Mechanical testing techniques

Characterisation of the adhesive joint fracture energy

The fracture energy is a material parameter of paramount importance for the failure

prediction of adhesive joints. Traditionally, this parameter is characterised in a quasi-

static fashion for several fracture modes. Generally, the double cantilever beam (DCB)

is used to investigate the mechanical performance of the adhesive interface normal to its

surface [59, 86–91], while the end notched flexure (ENF) resolves the adhesive’s response

tangential to its surface [88, 92–95]. The single leg beam (SLB) is usually employed to

reveal the adhesive’s mechanical performance under more complex stress states [88, 96].

The DCB is believed to be of more relevant practical importance, but in practice, a pure

fracture mode does not exist. Figure 2.10 demonstrates an overview of quasi-static and

high-rate testing techniques.

However, most of these experimental methods, mentioned above, lack accuracy – par-
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Fig. 2.10 Overview of different experimental setups for various loading regimes.

ticularly when high strain rates and impact events are involved [97]. The data captured

is usually very noisy due to dynamic effects. Filtering and data reduction methods

that may introduce inaccuracies could be necessary. In the high-rate loading regime,

some researchers have measured the mechanical properties of adhesives using pendulum

testing machines [98, 99]; mainly based on the Izod and Charpy techniques [100] – see

Figure 2.10(c). An alternative testing approach consists in the use of a drop weight

impact machine [101]. Several researchers [102, 103] have used servo hydraulic testing

machines to perform dynamic load tests. Using these techniques, it was possible to

measure the fracture properties under fracture mode I. Kumar et al. [104] determined

the critical fracture energy using gun impact testing. The velocity was measured using

laser extensometry, this allowed to calculate J using the standard equation for the dou-

ble cantilever beam (DCB) and end notched flexure (ENF) specimen under quasi-static

loading. Although, they provide a useful comparative ranking these results may not be

reliable for the purpose of characterising the dynamic fracture energy [105].
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To overcome this limitation, the Split Hopkinson Bar (SHB) has been one of the

most important methods for the dynamic characterisation of materials. A schematic

representation of the SHB is demonstrated in Figure 2.10(d). The technique was first

introduced by Hopkinson [106] in 1914 and later modified by Kolsky [107] in 1949. With

the SHB, the aforementioned dynamic effects are avoided. Few studies investigated the

dynamic fracture performance of structures using the SHB [89, 108–110]. For mode I

Isakov et al. [108] and Yagamata et al. [89] used the DCB specimens to investigate the

dynamic characteristics of the interface. Wiegand et al. [109] and Yasaee et al. [110]

performed ENF experiments using the SHB.

The mentioned investigations for quasi-static and dynamic loading regimes (when

applicable) have been carried out for similar material combinations such as metal-to-

metal [89, 97, 98, 111, 112] and composite-to-composite [93, 113–115]. Nevertheless,

lightweight structures can consist of dissimilar materials to take advantage of their in-

dividual material characteristics beneficial for the application. Therefore, studies have

been investigating the fracture energy for hybrid material adhesive joints [116–123]. Sim-

ilarly, the investigations are mainly carried out for quasi-static loading environments.

This demonstrates that there is a lack in studies which provide information about the

fracture energy determination of similar and dissimilar adhesive joints under high-rate

loading environments.

Characterisation of the adhesive strength

Similarly to the fracture energy, the adhesive strength has been investigated for several

fracture modes [83, 124–129]. In normal direction, butt joints and ring specimens are

typically used for quasi-static conditions [83, 124, 125]. Moreover, shear loading strength

is traditionally obtained using single lap joints (SLJ) and double lap joints (DLJ) [128,

129]. Figure 2.11 summarises the identified specimen geometries used to characterise
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Fig. 2.11 Existent specimen geometries for characterising the adhesive strength for a) normal
loading and b) shear loading.

the adhesive strength for normal and shear loading direction.

The dynamic investigations for the adhesive strength are mainly carried out for

the advantageous shear loading behaviour for similar [128, 129] and dissimilar material

combinations [130–133]. Many investigations rely on the typical SLJ and DLJ specimens.

However, Raykhere et al. [127] have been using torsion specimens suitable for the SHB.

Still, one may believe that the impact properties of adhesive joints are still not well

understood due to experimental difficulties under high-rate loading. Yokoyama et al.

[124, 125] studied the rate-dependent mechanical performance of metal-to-metal adhesive

joints using two different geometries: a solid circular butt joint [124] and a hat-shaped

joint specimen [125]. In both, the SHB was employed to carry out impact tests.
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2.5.2 Measurement techniques for the adhesive deformation

Most testing methods are based on LEFM. However, this approach may be inappropri-

ate when considering non-linear materials where plastic yielding occurs. Moreover, the

calculated fracture energy is not able to include the increase of the critical fracture en-

ergy which occurs when a crack propagates [25]. In order to overcome these challenges,

cohesive zone modelling (CZM) (Tvergaard and Hutchinson [52]) has been used increas-

ingly to analyse the adhesive fracture process. Alfano et al. [134] proposed four factors

to describe any traction-separation-law (TSL): stiffness, strength, fracture energy and

TSL shape. From these, the fracture energy has been long considered the most critical

value to achieve accuracy. However, Camphilo et al. [135] investigated the influence of

the TSL shape – it was found critical for depicting the failure of ductile adhesive joints.

Therefore, one also needs to measure the TSL directly in order to achieve accurate re-

sults. In order to do so, available measuring techniques for the direct measurement of

the strain need to be reviewed. This is crucial since the accuracy of the fracture energy

relies directly upon the measurement of the local strain.

Quasi-static measurement techniques

For the investigation of bonded joints under quasi-static loading, two main systems for

the measurement of the strain of the specimen exist: (i) optical methods such as mi-

croscopes [136, 137] and cameras [138, 139], and (ii) LVDT transducers [140]. However,

the most common approach is to determine the strain as a derivation of the force-

displacement curve [11, 122, 135, 141–144]. To calculate the fracture energy J , several

methods exist. The most common way is to determine it via the equations found on the

standards – see [137, 144]. Azari et al. [136] applied a method (introduced by [145])

where J is obtained by measuring the crack on the edge of the specimen. With the mea-
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sured force and moment, the critical fracture energy can be calculated considering the

equilibrium of the link-arm system described in [145]. Alternatively, other researchers

[122, 141, 146–148] have determined the critical fracture energy by derivation of the

experimental force-displacement data by means of the J-integral. On the other hand,

Campilho et al. [138] calculated this parameter using digital image correlation methods.

In [140] and [11], the critical fracture energy was defined by the integration of the area

under the force-displacement curve.

Dynamic loading measurement techniques

Strain measurement based on the Izod and Charpy techniques have been achieved by

capturing the displacement with a velocity-sensing-laser or a piezoelectric sensor [100].

However, under dynamic testing, the strain and the calculated critical fracture energy

cannot be measured with precision due to the influences of the kinetic energy and other

dynamic effects such as inertia of the specimen. Kadioglu and Adams [98] minimised

these influences by using non-contact measuring techniques. An alternative method

for the use of a drop weight impact machine would be to measure the strain by a

laser displacement sensor [101]. With the recorded load-displacement curve, the critical

fracture energy can be calculated using simple beam theory.

Other researchers [102, 103] have used servo-hydraulic testing machines; in these

cases the displacement was measured using high-speed cameras. Then, J was determined

using the equations presented in [149], which reduce the dynamically-induced errors as

explained in [149–151].

Even though the SHB limits the negative dynamic effects, the need for a direct and

reliable measurement of the local strain remains. Digital image correlation (DIC) in

combination with ultra-high-speed cameras have here a great potential. Neumayer et al.
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[152] first compared the calculation of the adhesive deformation between the analytical

SHB theory and a DIC system. They concluded that DIC highly increases the accuracy

of the measurements for adhesive interfaces.

2.6 Rate-dependent behaviour of adhesive joints

In order to accurately understand the rate-dependent behaviour of adhesive joints, first

each constituent (adherents and adhesive) needs to be understood separately. Many

researchers have investigated the rate-dependent behaviour of adhesive bulks, adhesive

joints, and CFRP material combinations. In this review, the focus has been placed on

the rate-dependent behaviour of (i) epoxy resins (adhesive), (ii) carbon fibre reinforced

plastics and (iii) adhesive joints with similar and dissimilar material combinations. The

goal is to appreciate the contribution of the most critical materials to the overall be-

haviour of the adhesive bond.

2.6.1 Rate-dependent mechanical properties in epoxy polymers

(adhesives)

There is a high interest in understanding the rate-dependent mechanical performance

of adhesive materials. Many researchers have studied experimentally the strain rate

sensitivity of epoxy polymers [104, 106, 107, 109, 127, 153, 154]. The general agreement

is that an increase in stiffness, strength and a decrease in failure strain is observed with

increasing strain rate. This is observed independently of the loading direction (tension,

compression, or shear) [155–159].

For tension behaviour in particular, Gilat et al. [155] investigated several epoxy based

resins and measured their strain-rate sensitivity. The research observed a transition from
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ductile to brittle mechanical response with increasing strain rate. This behaviour is be-

lieved to appear due to the effects of stress relaxation and plastic deformation in the

lowest loading rates and their relatively long time scale. The observed phenomena are

summarised in Figure 2.12. Moreover, Gerlach et al. [156] investigated the strain rate-

dependent behaviour of the thermosetting epoxy resin RTM-6 for strain rates ranging

from 10−3 to 104 s−1. The dynamic experiments were performed using the Split Hop-

kinson Bar. The observations are summarised in Figure 2.13. These coincide with the

general consensus: strength and stiffness increase while the failure strain decreases with

increasing strain rate. Additionally, the change in slope of the yield stress - strain rate

and the apparent modulus - strain rate graphs at a strain rate of approximately 102 s−1

is believed to be due to the beta relaxation process in the polymer [156].

Fig. 2.12 Strain rate-dependent observations for epoxy based resins observed by Gilat et al.
[155].
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Fig. 2.13 Strain rate-dependent observations for epoxy based resins observed by Gerlach et
al. [156].

The compression behaviour of the epoxy resins has also been investigated by others

[156, 157]. Both investigations performed various loading rate experiments which range

from 10−3 to 5x 103 s−1 and from 10−3 to 104 s−1 for [157] and [156] respectively.

An increase in strength and decrease in strain to failure with increasing strain rate is

observed in both investigations. However, Gerlach et al. [156] showed that the stiffness

increases with strain rate while Buckley et al. [157] did not observe any effect with

increasing loading rate.

The shear performance of the epoxies has been extensively studied by Hou et al.[158]

and Gilat et al. [159]. Also here, the strength and the stiffness exhibit a positive strain

rate dependency while the strain to failure shows no strain rate effect in [159], while in

[158] the failure strain tends to decrease with increasing loading rate.

Researchers have tried to represent this strain-rate dependence using constitutive

models. For example, Gerlach et al. [156] modelled the behaviour of the thermosetting

resin TRM-6 based on the model developed by Goldberg [159]. This model was able to
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capture the strain rate dependency of the yield modulus, the apparent modulus and the

strain-to-failure for strain rates up to 1 x 104 s−1. Boyce et al. [160, 161] and Arruda and

Boyce [162] proposed a physically-based model where the influence of the strain rate, the

temperature and the softening were considered. Their constitutive model was validated

for strain-rates up to 1 s−1. Mullikan and Boyce [163] extended this model to analyse the

three-dimensional rate-, temperature- and pressure-dependent finite strain deformation.

The extension was able to predict the properties at high-rates and low-temperatures.

2.6.2 Rate-dependent behaviour of carbon fibre reinforced plas-

tics

The properties of carbon fibre reinforced plastics (CFRP) have been widely investigated

at many different strain rates. The individual matrix and fibre properties have been

studied intensively to provide reliable measurements for predictive modelling capacities.

In the following, the respective characteristics for each fracture mode are reviewed and

summarised.

Numerous investigations have been carried out to understand the rate-dependent

performance of composites in fibre direction [164–169]. However, there is a disagreement

in the observations found in terms of the rate-dependency for the strength, the modulus

and the failure strain.

Authors in [164, 165, 169] have reported a strain-rate insensitivity of the strength,

modulus and strain to failure. In particular, the rate-dependent experiments in [164]

ranging from 10−4 to 103 s−1 have shown a rate-independent performance of the strength,

the modulus and the failure strain. Moreover, the research in [165] coincide with these

observations. The performed high-rate loading experiments reached a strain rate up to

102 s−1. Experimental observations of [165] are shown in Figure 2.14. On the contrary,
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Fig. 2.14 Experimental investigations for carbon/epoxy composites performed by [165] for a)
strain rate dependence of the modulus and b) strain rate dependence on the tensile strength.

the results reported in [166–168] reveal a rate-dependency of the aforementioned prop-

erties. While the research of Daniel et al. [166] suggests a moderate increase of the

modulus and a rate-independent behaviour of strength and failure strain with increasing

strain rate, Mosawe et al. [168] reported a rate-dependent behaviour of all the three

characteristics – this is presented in Figure 2.15. Daniel and Liber [170] refer to these

different observations and enumerate all the different experimental setups used.

Similar to the different observations reported for longitudinal tension characteristics,

several authors have reported contradicting results for the compression loading along the

fibre direction. The studies of Hsiao and Daniel [171] and Koerber and Camanho [172]

have identified that the strength and the strain to failure increase with increasing strain

rate. However, the modulus is shown strain rate insensitive. The investigated strain

rates ranges from 3.6x10−4 to 120 s−1 for drop tower tests and to 1800 s−1 for SHB

experiments. Yokoyama and Nakai [173] observed a strain rate insensitive compression

strength while the strain to failure slightly increased with increasing loading rate.

Investigations from authors in [155, 165, 166] coincide with their general observation

of the in-plane transverse tension behaviour of CFRP: the modulus and the strength are

strain rate-dependent. The studies of different unidirectional carbon/epoxy structures

42



2.6 Rate-dependent behaviour of adhesive joints

0 2 0 4 0 6 0 8 0 1 0 0 1 2 00

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0 ( a )

 N o r m a l  m o d u l u s
 L o w  m o d u l u s
 C F R P  s h e e t  

         ( A l - Z u b a i d y  e t  a l .  2 0 1 3 )

Te
ns

ile 
str

es
s (

MP
a)

S t r a i n  r a t e  ( / s )
0 2 0 4 0 6 0 8 0 1 0 0 1 2 00

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0 ( b )

 U l t r a - h i g h  m o d u l u s
 N o r m a l  m o d u l u s
 L o w  m o d u l u s
 C F R P  s h e e t  

         ( A l - Z u b a i d y  e t  a l .  2 0 1 3 )

Ela
stic

 m
od

ulu
s (

MP
a)

S t r a i n  r a t e  ( 1 / s )

0 2 0 4 0 6 0 8 0 1 0 0 1 2 00 . 0 0 0

0 . 0 0 5

0 . 0 1 0

0 . 0 1 5

0 . 0 2 0

0 . 0 2 5 ( c )

Str
ain

 (-)

S t r a i n  r a t e  ( / s )

 L o w  m o d u l u s
 N o r m a l  m o d u l u s
 C F R P  s h e e t  

         ( A l - Z u b a i d y  e t  a l .  2 0 1 3 )

Fig. 2.15 Experimentally obtained results by [168] for the strain rate effect on a) tensile
strength, b) Young’s modulus and c) ultimate tensile strain for CFRP laminate and sheet.

resulted in an increasing modulus and strength for increasing strain rates, while no rate-

dependency of the strain to failure was found. The experimental results obtained by

[165] are graphically presented in Figure 2.14.

Consistent observations are reported for the compression behaviour in transverse

direction of the carbon/epoxy composite structures – see [171, 173, 174]. An increase

in modulus and strength with increasing strain rate is observed. The rate-dependent

experiments were performed with strain rates ranging from 4x10−4 to 350 s−1.
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Lifshitz et al. [175] observed an increase of interlaminar modulus and strength with

increasing strain rate. The dynamic experiments were carried out using a Split Hopkin-

son Tensile bar (SHTB) with strain rates of 100-250s−1.

Yokoyama and Nakai [173] investigated the through-thickness performance of com-

posites under compression. They observed a slight positive strain sensitivity of the com-

pressive strength. The failure strain exhibited a slight negative strain rate-dependency.

The investigated strain rates ranges from 10−3 to 103 s−1.

Several studies have reported an increase in strength and a decrease in failure strain

with increasing strain rate [155, 165, 166]. Since there is a lack in common standards

for dynamic shear experiments [176], the performed investigations are based on different

experimental setups which are believed to be the source of discrepancy.

Similarly, out-of-plane shear dynamic experiments are conducted with various spec-

imen geometries. Dong and Harding [177] used finite element analysis to design ap-

propriate specimen geometries suitable for the SHB. The obtained experimental results

show an increase of the shear strength with increasing strain rate. Moreover, Naik et

al. [178] investigated the interlaminar shear characteristics of carbon/epoxy using a

torsional Split Hopkinson bar (TSHB) with strain rates from 500 to 1000 s−1. These

report an increase of modulus and strength with increasing strain rate.

The investigation of the rate-dependent performance of the different fracture energies

of a composite structure are of high importance to achieve a reliable failure prediction. It

has been observed that the fracture energy in mode I for delamination is rate-insensitive

[179, 180]. On the contrary, the fracture energy in mode II delamination increases

with increasing loading rate [180, 181]. It is believed, that the fracture energies for

delamination are highly matrix dependent. In contrast, the fracture energy for fibre

failure is only considered in mode I. Researchers have shown that the fracture energy in
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fibre failure for tension and compression increases with higher strain rates [181].

2.6.3 Rate-dependent behaviour of adhesive joints

Adhesive joints can be fabricated using similar and dissimilar materials. For the design

and construction of components, the mechanical behaviour of the adhesive joints has to

be taken into account. Therefore, some researchers have investigated the rate-dependent

behaviour of these joints.

Similar material combinations

Zhu et al. [146] examined the mechanical performance of a steel to steel bond using

nominal strain rates of 0.03 and 3 s−1. For mode I and mode II loading, it was obtained

that the fracture energy and the peak cohesive stress increase with increasing loading

rate while the critical opening displacement decreases. Yokoyama and Nakai [125] found

that the tensile strength of a butt joint increases with increasing loading rates. However,

by investigating the influence of the adhesive thickness, it was concluded that the tensile

strength decreases with increasing adhesive thickness. Other researchers reached similar

conclusions [126, 182]. Moreover, investigations have found that the fracture energy

decreases with increasing strain rate [97, 103], while others observed the contrary [82, 83].

Figure 2.16 and 2.17 show the different trend of rate-dependent observations for the

fracture energy found in the literature. In Figure 2.16, the increasing fracture energy

with increasing strain rate is illustrated, while Figure 2.17 shows the decrease of fracture

energy with increasing strain rate. This difference in strain rate dependence of the

fracture energy may be due to the different chemical composition of the adhesives, and

to different experimental testing setups.
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2.6 Rate-dependent behaviour of adhesive joints

Fig. 2.16 Increase of fracture energy with increasing strain rate for mode I and mode II
fracture mode investigated by [83].

Fig. 2.17 Decrease of fracture energy with increasing strain rate for mode I fracture mode
investigated by [103].

Dissimilar material combinations

The characterisation of dissimilar materials is still in the early stages. A number of re-

searchers have investigated these material combinations with various results: Raykhere

et al. [127] concluded that with dis1similar materials, the strength increases with increas-

ing loading rate. However, it was found that the magnitude of the dynamic strength over

the static strength depends highly on the adhesive/adherent combination. Al-Zubaidy

et al. [133] investigated the influence of the bond length in a single lap joint: for the

used loading rates, the joint strength increases when the bond length is smaller than
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the effective bond length. Moreover, it was determined that the influence of the loading

rate on the effective bond length is small. Nevertheless, to the author best knowledge,

no investigations have been performed to investigate the dynamic fracture energy of

dissimilar material combinations. This is addressed in this work.

2.7 Conclusions

The identified challenges and gaps in knowledge addressed in this thesis are summarised

as follows:

• Adhesive joints and their influencing parameters such as adhesive thickness, over-

lap length or surface treatments, have been intensively studied. Many of these

studies have been investigating the adhesive joints under quasi-static up to low-

rate (e.g. 102 s−1) loading regimes. Some investigations have been performed to

understand the adhesive joint behaviour under high-rate loadings (e.g. 104 s−1).

There is a significant difference between the experimentation methods in quasi-

static and high-rate loading regimes. These differences – specimen geometries in

particular – prevents a direct comparison of the different results. Thus, a qual-

itative representation of the rate-dependent mechanical performance of adhesive

joints is limited.

• Several mechanical approaches exist for describing the failure of adhesive joint

structures. The identified main approaches for the failure prediction are: (i) the

continuum damage mechanics (CDM) and (ii) the cohesive zone model (CZM).

These approaches have some disadvantages when using in combination with finite

element methods, – i.e. mesh size senstivity (CDM) or a priori knowledge of the

fracture path (CZM). Nevertheless, rate-dependent models are increasingly studied
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considering the CZM. However, the shape-given characteristics for the CZM might

be different for diverse adhesives, thus preventing unified models. For example,

current rate-dependent models, representing elasto-plastic deformations neglect

the possibility of the rate-dependent behaviour of the plastic deformation.

• Many studies have revealed the importance of the traction separation law (TSL)

shape needed for CZM. While some investigations observed the numerical repre-

sentation of the experimental results to be independent on the TSL shape, others

demonstrated a strong dependence of the TSL shape on the experimental result

representation. In these situations, it is believed that a direct experimental mea-

surement of the TSL shape may improve the numerical accuracy.

• For the direct measurement of the experimental TSL shape, the measurement

technique plays a crucial role, especially for the critical parameter identified –

the separation. Several studies have shown various measurement techniques to

obtain the displacement in high-rate and quasi-static loading. For high-rate loading

regimes, it has been concluded that results based on digital imaging correlation

(DIC) result in the most promising mechanical representation when compared to

other techniques such as sensors or strain gauges.

• The available literature presented challenging investigations of the fracture energy

using fracture mechanics experiments such as ENF, DCB and SLB experiments

in dynamic loading environments. Inertia and dynamic effects required filtering

techniques which are believed to mask the true mechanical performance of the

material. Additionally, only similar material combinations are found to have been

investigated under high-rate loading – to the author best knowledge no dissimi-

lar material combinations have been dynamically tested to measure the fracture

energy.

48



Chapter 3

Development of a methodology for

experimental characterisation of

rate-dependent cohesive zone

parameters for adhesive joints

3.1 Introduction

The analysis of the failure process of adhesive joints relies upon the measurement of

two mechanical properties: (i) the material strength (critical stress) and (ii) the fracture

energy. For an accurate failure prediction of adhesive joints, it is essential to find an

appropriate way to measure these characteristic parameters with appropriate precision

[83]. Traditionally, the fracture behaviour of adhesive joints in mode I loading direction

has been characterised in a quasi-static fashion; generally using the double cantilever

beam (DCB) [183–185] and the tapered double cantilever beam (TDCB) [103]. How-
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ever, these methods are very challenging at high loading rates – i.e. 1 to 10 m/s –

the data captured is usually very noisy due to dynamic effects such as inertia of the

specimen. Filtering and data reduction methods that may introduce inaccuracies could

be necessary. In the case of high-rate loading, the mechanical properties of adhesive

joints have been measured using pendulum testing machines [98, 99]; these are based

on the Izod and Charpy techniques [100], while Kumar et al. [104] determined the

dynamic fracture energy using gun impact experiments. In this case the velocity was

measured using laser extensometry, thus allowing the estimation of the fracture energy

using the standard methods for quasi-static loading. Although, they provide a useful

comparative ranking these results may not be reliable for the purpose of characterising

the dynamic fracture energy [105]. In order to overcome these limitations, the Split

Hopkinson Bar (SHB) apparatus becomes an important tool for direct measurement of

stress-displacement relationship across adhesively bonded interfaces.

Even within this well-established experimental framework, there is an urgent need

to design appropriate specimens and their gripping methodology in order to apply the

desired well-defined rectangular tensile loading pulses upon the relatively thin adhesive

bond-lines. In this regard, Yokoyama et al. [124, 125] investigated the rate-dependent

performance of metal-to-metal adhesive joints by using new specimen geometries: a solid

circular butt joint [125] and a top hat-shaped joint [124] specimen. These studies proved

the suitability of the SHB to characterise and measure adhesive properties under im-

pact. Although specimen design is important, measuring the displacements and strains

remains challenging. Generally, the deformation of the adhesive joints are determined

using the classical SHB analysis [107, 126, 154, 186, 187]. However, it has already been

shown that the adhesive deformation estimated using the classical SHB analysis might

be inaccurate [188, 189]. Similar issues occur when determining the dissipated energy –

its accuracy relies directly upon the measurement of the local displacements [182, 190].
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Therefore, there is a need for a direct and reliable measurement of the local strain, for

example, employing digital image correlation on high-speed photographic footage. Neu-

mayer et al. [152] first compared the calculation of the adhesive deformation between

the analytical SHB theory and a DIC system – this system highly increased the accuracy

of the measurements.

For the engineering and structural design of bonded engineering components, the

use of numerical modelling and simulations is critical. These computational tools can

be used to predict the behaviour of bonded structures in order to verify their suitability.

The commonly adopted approach to model the mechanical behaviour of adhesive joints is

the cohesive zone model (CZM) [191–193]. The CZM is a fracture mechanical approach

where the progressive damage and failure are represented using cohesive elements [44, 51,

52] which relate the distribution of traction stresses to that of separation displacements

across the interface surface. Since the adhesive layer is thin compared to the global

structure, the failure process zone of an adhesively bonded joint can be modelled using

the cohesive approach. Therefore, the mechanical response of the adhesive must be

described by a traction separation law (TSL) [194]. Using this relationship, it is possible

to couple directly the bulk of the neighbouring substrates and the discontinuity of the

adhesively bonded interface in order to simulate crack initiation and crack propagation

within the adhesive. Such integrated experimental-modelling approach is adopted here

in order to assess the suitability of the proposed experimental procedure and to enable

the development of a new cohesive law capable of simulating the observed and quantified

rate-dependent behaviour of adhesively bonded interfaces.

With the above in mind, the aim of this Chapter is to develop a newly devised ex-

perimental methodology for the characterisation of rate-dependent adhesively bonded

interfaces that mitigate the identified limitations of existing methods. Most impor-

tantly, the proposed framework is consistent across all the loading regimes of interest,
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from quasi-static (QS), via medium-rate (MR) to high-rate (HR). Firstly, a suitable

specimen configuration for HR loading regime is designed numerically aiming to ensure:

(i) impedance matched specimen gripping, (ii) uniform homogeneous surface traction

within the adhesive interface and (iii) direct measurement of the separation across the

interface until complete fracture. In order to achieve this, the design is assessed using

finite element simulations. Secondly, the developed methodology is used to investigate

the rate-dependent nature of two different epoxy based metal-to-metal joints. Thirdly,

further experimental analyses are carried out to determine the effect of adhesive layer

thickness, adhesive composition and loading rate on the joint behaviour in terms of

stress-displacement relationship and related dissipated energy prior to complete mode

I fracture. Finally, high-resolution fractography is included to validate the proposed

specimen design and to elucidate the nature of the studied adhesive interface fracture.

In addition, a new rate and thickness-dependent analytical model which corresponds

well to the observed and quantified behaviour, suitable for implementation into finite

element software is proposed.

3.2 Materials and Methods

3.2.1 As-received material and bonding procedure

This study focuses on two commercially available epoxy adhesives: (i) the 3M Scotch-

WeldT M AF 163-2OST, and (ii) the 2216 B/A Gray. Both of these are suitable for

joining metallic and plastic adherents. The adhesive AF 163-2OST is an epoxy film

supported with a glass fibre matt, where the fibres can be larger than 100 µm. The

second one is a two-component, Kaolin powder-toughened epoxy adhesive. The latter

was mixed in a volume ratio of 2:3 — base to hardening accelerator – to achieve the
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most optimal mechanical properties. Here, the titanium alloy Ti-6Al-4V was used as

the adherent material.

In order to obtain an optimal adhesive joint, the surfaces of the titanium end-caps

were anodised [103]. The adhesive was applied between both titanium end-caps using

an alignment fixture which ensured an accurate control of the adhesive thickness using

shims with the required thickness – see Figure 3.1. Three adhesive thicknesses were

chosen: 0.1, 0.3 and 0.5 mm for the film adhesive and 0.1, 0.5 and 1.0 mm for the

paste adhesive. The paste adhesive specimens (2216 B/A Gray) were cured for 7 h at

55◦C. The film adhesive specimens (AF 163-2OST) were cured for 1 h at 120◦C. In

both cases, a pressure of 1.4 bar was applied during curing. The adhesive thickness

quality was controlled by measuring the deviation of the received adhesive joints to the

nominal adhesive thickness – see Figure 3.1 (c). Twenty specimens for each adhesive

thickness have been considered. The adhesive thickness has been obtained by measuring

the adhesive joint and subtracting the thickness of the end caps. A minimum deviation

of less than 5 % has been achieved.

Fig. 3.1 Overview of manufactured tools: a) bonding fixture, b) dimension, design and speckle
application of specimen for mode I loading direction and c) bondline thickness qualification.
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3.2.2 Experimental setup

The design of the experimental setup

One-dimensional wave theory is often employed to measure remotely the behaviour of

materials when deformed rapidly, for example, when subjected to high-strain loading

conditions, by means of the Split Hopkinson Bar (SHB) apparatus [107]. Although, de-

veloped with impact loads in mind, this approach may also be useful when characterising

the response of a material subjected to quasi-static loading, when due to the instabilities

in the material response of thus loaded specimens, the experiments become dynamic in

nature. Indeed, it is the objective of this Chapter to present how the measurement

methodology based on one-dimensional stress wave propagation theory was adapted to

capture short-lived events which occur regardless of the applied loading rate: e.g. as a

result of unstable fracture during experiments in which the load is applied at quasi-static

and medium rates.

During the failure of the adhesively bonded interface, the energy stored in the speci-

men can be released rapidly, thus calling for the use of the stress wave propagation based

measurement methodology [195]. The design of all relevant measurement systems for

capturing the fracture process should consider this approach. In order to achieve this,

the traditional medium and low-strain rate setups must be adapted such that: (i) long

instrumented bars are used to quantify the release stress wave and (ii) ultra-high-speed-

photography based DIC is used to quantify the separation of the adhesively bonded

surfaces irrespective of the rate of loading. This offers two main advantages: first, the

softening slope can be captured for every proposed loading regime, and second, because

the experimentation and analyses are consistent across the three loading regimes, the

comparison and study of thus excited rate-dependent behaviour is direct.

The specimen geometry was designed specifically to minimise negative factors which
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may induce deviation during the stress propagation step. Among others, the impedance

of the loading bars and the specimen end-caps were matched by keeping the same di-

ameter and material throughout the whole characterisation setup. As a result, given

that the conducted study was concerned with adhesively bonded titanium surfaces, the

instrumented long rods were manufactured from Ti-6Al-4V alloy. For data acquisition,

strain gauges of the type FLA-2-8 from TML attached on the rods were used to record

the strain, as this allowed for data to be acquired at a range of acquisition rates, in-

cluding very high most commonly at 100 Kilo-samples per second in this study. These

strain gauges were also used to trigger the high-speed photographic equipment.

High-rate loading

In this research, the results of dynamic experiments were determined using the Split

Hopkinson Tensile Bar (SHTB) apparatus presented in [196]. In the experimental setup,

a hollow striker bar rides along the input bar and hits an anvil on the end of the input

bar to produce the tensile load as illustrated in Figure 3.2(a). On the other side of the

specimen, the output bar is placed to record the strain-time history as acquired by the

strain gauges, in a Wheatstone bridge connected to an oscilloscope.

The input and output bars of length 3 m and diameter 10 mm were manufactured

from a Ti-6Al-4V alloy with the density of ϱ = 4.43 x 10−6 kg/mm3 and the Young’s

modulus of E = 114 GPa. The striker, also made of Ti-6Al-4V and with a length of

2.7 m, was accelerated so that the the relative velocity at the two opposite ends of

the specimen was approximately v ≈ 3000 mm/s. Both input and output bars were

instrumented with strain gauges. The wave signals were amplified and recorded using

an oscilloscope. For the data analysis, only the strain gauges positioned at the output

bar are required. Additionally, the deformation of the adhesive was recorded using a

Kirana high-speed camera. The camera was set up to record 500,000 fps and 100,000
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Fig. 3.2 Split Hopkinson Tensile Bar testing apparatus: (a) schematics of the working principle
and gas chamber of the experimental SHB. (b) Quasi-static and medium rate setup employing
a long loading bar with a strain gauge to capture the softening slope.(c) Data acquisition
generating stress-displacement graphs.
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fps frames per second, for the film adhesive AF 163-2OST and the paste adhesive 2266

B/A Gray respectively, taking 924 x 768 pixels resolution images with 2.0 µs or 10.0

µs interframe between each one. The surfaces along the circumference of the end caps

were speckled to evaluate the separation of the adhesively bonded surface by digital

image correlation (DIC) using 4M GOM Aramis – see Figure 3.1(c). Since the stiffness

of the adherents is 15 times higher than the stiffness of the adhesive, the deformation

of the adherents can be assumed to be minimal. Moreover, the measuring points for

the DIC are close to the adhesive interface. Therefore, it is believed that the measured

displacement represents the true deformation of the interface.

Medium-rate loading

The medium-rate tensile tests were performed using an Instron servo-hydraulic machine

as shown in Figure 3.2(b). The applied velocity on the specimen was v = 10 mm/s.

A long bar was employed to be able to capture the falling edge of the strain history.

Analogously to the HR tests, a camera setup was used for strain measurement. For

measuring displacements across the bonded interface, during the loading step, a SA 5

Photron high-speed camera (at 65,100 fps) was used to record 512 x 408 pixels resolution

images. To measure the displacement during the fracture event (softening slope), a

Kirana high-speed camera at 1,000,000 fps was employed which recorded images with

924 x 768 pixels resolution. The results of data and image acquisition are illustrated in

Figure 3.2(c).

Quasi-static loading

The quasi-static tensile tests were performed using a Zwick screw-driven machine. The

specimens were loaded using a speed of v = 0.05 mm/s. A similar setup to the MR
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tests was used with a long rod strain gauged with an arbitrary distance away from

the specimen and two cameras (Figure 3.2(b)). For measuring displacement during

the loading step, a prism-based line scan Jai camera (5 fps) to record 608 x 840 pixel

resolution images was used. To capture the displacement during the fracture event

(softening slope), a Kirana high-speed camera at 200,000 fps was employed.

3.2.3 Data analysis: deriving the stress-displacement response

The procedure to derive the adhesive joint response is similar for all three loading rates.

The main difference is the number of cameras which are used to capture different parts

of the stress-displacement curve. For MR and QS tests, two cameras must be employed,

one at a slow frame rate to capture the loading phase and a second one at an ultra-

fast frame rate to capture the failure. For HR, a single camera is used to capture the

whole event. The design of the experimental setup enables all three loading regimes

to rely upon the same measurement methodology for capturing the fracture softening

behaviour.

Since different cameras are used to capture different parts of a single test, a careful

synchronisation procedure is necessary. For the loading part in MR and QS tests, the

synchronisation is trivial – both the mechanical test and the imaging acquisition start

at the same time. The displacement is measured using the extensometer tool in Aramis

using two points close to the adhesive interface as it is illustrated in Figure 3.1(c). For

the whole HR testing and failure events in QS and MR tests, one must know the exact

instant when the tested sample fails in order to trigger the high-speed cameras. For this

purpose, the falling slope of the load which occurs upon sample failure is used. The

relevant steps for generating the stress-displacement curve are demonstrated in Figure

3.3. A typical strain gauge signal is presented in Figure 3.3 (a). However, because the

58



3.2 Materials and Methods

Fig. 3.3 (a) Signal history of each strain gauge and camera trigger, (b) dynamic force equi-
librium in the Split Hopkinson Bar, (c) synchronisation of force and displacement and (d)
resultant stress-displacement diagram.

strain gauge which triggers the cameras is positioned at an arbitrary distance from the

sample, the signal shown in Figure 3.3(a) must be delayed by a time tdelay. This is the

time required by the stress wave – which starts from the sample itself – to reach the

strain gauge. This can be compensated using the expression

tdelay = l

c
(3.1)

where l is the distance of the strain gauge and c is the stress wave propagation speed of

the bar which can be written in terms of density ρ and elastic modules E following

c =
√

E

ρ
. (3.2)
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The force is estimated with the signal from the output bar using

F = SG

AF · CF
(3.3)

where the signal SG is that captured by the output bar strain gauge in Volts, AF is

its amplification factor, 200 for strain gauges 1 and 2 (on the input bar), and 500 for

strain gauge 3 on the output bar. CF = 7.5 x 10−7 V/N is the calibration factor of the

employed strain gauge station. The amplification factor is higher for the transmitted

wave (SG3) as the transmitted force is typically lower in magnitude than the applied

incident wave (SG1 and 2). The noticeable length of the projectile (equal to the length

of the input bar) inevitably leads to the superimposition of incident and reflected elastic

stress waves into the input bar at the gauge location. A post-processing procedure, based

on the method of characteristics and on D′Alambert′s solution of wave equations, was

used to calculate the magnitude of forward and backward travelling waves as functions

of position and time. Detail on the procedure can be found in [197]. The nominal stress

applied to the specimen can be derived using the following

σ(t) = F (t)
A0

(3.4)

where F(t) is the force obtained from the strain gauge on the output bar and A0 is the

initial cross section area of the specimen. Figure 3.3(b) shows that force equilibrium

is achieved. The displacement separation between the adhesively bonded surfaces was

calculated with Aramis using DIC. Figure 3.3(c) shows the obtained data curve for the

displacement and the synchronised force over time. The results of stress and displace-

ment can then be combined in a traditional tensile stress-tensile deformation diagram –

see Figure 3.3(d).
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3.2.4 Numerical verification of the experimental setup

When applying the stress wave propagation theory for the analysis of data generated

using the SHB apparatus one needs to be confident that the obtainable results are mean-

ingful. Here, virtual experiments were carried out to examine: (i) that the data analyses

used during real experimentation are accurate, and (ii) that the specimen geometry is

suitable for the proposed investigation.

The accuracy of the measured adhesive response is highly dependent on the homo-

geneity of tractions along the adhesive interface. More importantly, this homogeneity

needs to be maintained throughout the test. To prove the suitability of the available

measuring techniques, a numerical verification of the characterisation apparatus was

carried out: the experimental setup was simulated using finite element analysis. In the

model, the adhesive was simulated using the cohesive zone approach while the rest of

the setup was simulated using continuum mechanics. The numerical calculations were

conducted using the Abaqus/Explicit solver. The traction separation law (TSL), calcu-

lated using the strain information on the bar and the data process methods employed

in experiments were compared to the implemented cohesive law. Numerically, the bars

and the adherents were modelled as solid bodies using three-dimensional hex volume el-

ements. The adhesive layer was represented as a solid body employing cohesive elements

such that it could be directly related to the experimentally obtained cohesive response of

the adhesive. The whole model of the virtual experimental setup of the SHB, except the

adhesive layer, is assumed as linear elastic and rate-independent. The loading velocity

is introduced in the z-direction at the beginning of the input bar. Instead of modelling

the striker, the impulse was modelled by applying a load with a pre-defined amplitude.

The duration of the striker impulse was defined using

tstriker = 2Ls

c
(3.5)
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where Ls is the length of the striker and c the stress wave propagation speed within the

striker.

3.3 Results

3.3.1 A verified experimental setup: numerical design, advan-

tages and limitations

The specimen design is known to play a key role for generating accurate results. Par-

ticularly, the design of the specimen needs to allow a homogeneous traction stress along

the adhesively bonded interfaces throughout the tests. Hence, specimens were designed

using the same material and cross section than the input and the output bars, so that a

perfect acoustic impedance matching is obtained. Virtual experiments demonstrate that

a homogeneity across the specimen’s surface is achieved – see Figure 3.4 (a). Addition-

ally, the cohesive response was determined using the two different measuring approaches

Fig. 3.4 (a) Verification of the experimental HR setup: demonstration of traction homogeneity
with the specimen’s cross section and (b) comparison of the analysis method SHBA vs. DIC.
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– classical SHB theory and the DIC method. As expected, the comparison with the

implemented cohesive law shows no deviation between the two methods. However, as

it is well known in literature [152] the use of the SHB analysis (SHBA) tends to over-

estimate the strain since the deformation of the adherents is neglected. Figure 3.4 (b)

supports this statement by presenting the comparison between the experimentally ob-

tained stress-displacement curves measured with the SHBA and the DIC method. The

stress-displacement responses have been extracted in the exact same way as it has been

carried out in experiments. As a result, a DIC based method is used during the whole

experimental campaign.

The use of long bars for experimenting adhesive joints in QS and MR loading condi-

tions is critical. Both, long bars and strain gauges are necessary in order to measure the

failure curves – see Figure 3.5. It is shown that without the long bars, an abrupt failure is

captured, even under the lower-rate regimes as it is shown with the dotted lines in Figure

3.5. Since an accurate strain measurement cannot be achieved, a reliable prediction of

the whole dissipated energy – which is critical for proposing the corresponding cohesive

Fig. 3.5 Experimental results without and with long bars in the medium-rate (MR) and
quasi-static (QS) loading regimes for a paste adhesive joint with a thickness ta = 0.1 mm.

63



3.3 Results

models – is unattainable without employing a more accurate system for measuring the

relative displacement of adhesively bonded surfaces during the experiment. Analogously

to high-rate loading, a DIC based measurement method was used in experiments with

QS and MR loading rates.

The area under the stress-displacement curve gives a measurement of the whole

energy which was dissipated during the deformation process. This curve also represents

the TSL which is used to derive cohesive models. It is not trivial to distinguish between

the specific areas under the obtained curve which quantify the elastic energy, the plastic

energy – where voids or cavities start to stretch – and the energy dissipated due to

crack coalescence until failure. Figure 3.6 illustrates an approximation of each of the

aforementioned energies. In this work, the whole energy under the curve is considered

as the dissipated energy Gc – this quantity will be used for the subsequent sections.

Fig. 3.6 Typical tensile stress-deformation curve showing the approximated areas of energies.
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3.3.2 Mode I response of the film adhesive AF 163-2OST 3M

Scotch-WeldTM

The results from a series of tension tests for the film adhesive AF 163-2OST under three

different loading rates at room temperature are shown in the left-hand side of Figure

3.7. Figure 3.8 shows the typical mode I fracture process of a film-adhesive as seen

using high-speed cameras. The initial elastic response of all specimens is appreciated as

strain-rate independent.

The film adhesive shows a trapezoidal shaped curve for each adhesive thickness.

The mean peak stress under QS, MR and HR loading conditions respectively is shown

independent from the adhesive layer thickness. The mean final displacement at fracture

decreases with the applied load. Moreover, the final displacement tends to increase

proportional to the adhesive thickness until a certain threshold for each loading regime

is reached. The dissipated energy is calculated as the area under the measured stress-

displacement curve. It shows a decrease as the thickness of the adhesive increases up to

a certain threshold. The experimental obtained results are shown in Table 3.1. Since the

statistical measurements have been calculated from three repeated tests for each loading

rate and loading direction, it is advised to carefully consider the values of the standard

deviation.

For the high-rate loading regime, a deviation of the velocity with which the specimens

are subjected amounts to 3000 ± 200 mm/s.
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Fig. 3.7 Tensile test results for titanium-to-titanium adhesive joints for the film AF 163-
2OST (left-hand side) and paste 2216 B/A Gray (right-hand side) adhesives under quasi-static
(green), medium-rate (orange) and high-rate (blue) loading conditions for adhesive thickness
(a,d) ta = 0.1 mm , (b) ta = 0.3 mm , (c,e) ta = 0.5 mm and (f) ta = 1.0 mm
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Fig. 3.8 Fracture process of a film-based adhesive joint captured using a high-speed camera
in order to generate the kind of stress-displacement curves shown in Figure 3.7. The different
stages are: (a) Elastic stage, (b) onset of failure, (c) crack propagation and (d) final failure.

Table 3.1 Mean properties (± Standard deviation) of the AF 163-2OST adhesive joints during
mode I testing under quasi-static, medium-rate and high-rate loading.

Peak stress Final failure displacement Dissipated energy
[MPa] [mm] [N/mm]

ta = 0.1 mm QS 41 ± 0.9 0.08 ± 0.01 2.0 ± 0.7
MR 48 ± 2.7 0.07 ± 0.01 2.1 ± 0.6
HR 59 ± 1.5 0.05 ± 0.01 1.7 ± 0.8

ta = 0.3 mm QS 36 ± 0.7 0.25 ± 0.01 5.4 ± 0.1
MR 43 ± 3.9 0.14 ± 0.04 2.5 ± 0.5
HR 62 ± 0.3 0.05 ± 0.01 1.5 ± 0.3

ta = 0.5 mm QS 38 ± 1.5 0.21 ± 0.01 4.8 ± 0.6
MR 45 ± 2.7 0.14 ± 0.02 3.7 ± 0.4
HR 55 ± 2.7 0.06 ± 0.01 2.1 ± 0.3

3.3.3 Mode I response of the paste adhesive 2216 B/A Gray

3M Scotch-WeldTM

Analogously, the results from a series of tension tests for the two component paste

adhesive 2216 B/A Gray under three different loading rates are shown in the right-hand

side of Figure 3.7.
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The two component paste adhesive shows a bilinear-shaped curve for the HR loading

regime and a trapezoidal-shaped curve for the QS and MR loading regimes. The ini-

tial elastic response seems to exhibit a rate-dependent behaviour. Similarly to the film

adhesive, the mean peak stress for each loading condition remains almost constant inde-

pendently of the adhesive thickness considering the high deviation of the shape-given pa-

rameters maximum traction, displacement, dissipated energy – see Table 3.2. The mean

final displacement at fracture increases as the adhesive layer thickens up to a threshold of

ta = 0.5 mm. After this adhesive layer thickness, the displacement at fracture decreases.

Both an increase of the mean peak stress and the displacement with larger adhesive

thickness lead to an increase of dissipated energy. After the aforementioned threshold

is reached, the dissipated energy before failure decreases. This behaviour suggests the

existence of an optimal adhesive thickness close to 0.5 mm. However, more experiments

Table 3.2 Mean properties (± Standard deviation) of the 2216 B/A Gray adhesive joints
during mode I testing under quasi-static, medium-rate and high-rate loading.

Peak stress Final failure displacement Dissipated energy
[MPa] [mm] [N/mm]

ta = 0.1 mm QS 19 ± 0.1 0.08 ± 0.02 1.0 ± 0.4
MR 28 ± 14.6 0.05 ± 0.03 1.3 ± 0.8
HR 41 ± 8.4 0.03 ± 0.01 0.8 ± 0.2

ta = 0.5 mm QS 16 ± 0.9 0.26 ± 0.05 2.1 ± 0.5
MR 38 ± 3.2 0.09 ± 0.01 2.2 ± 0.6
HR 52 ± 1.8 0.07 ± 0.01 2.0 ± 0.3

ta = 1.0 mm QS 9 ± 1.9 0.16 ± 0.08 0.6 ± 0.5
MR 35 ± 3.0 0.10 ± 0.01 2.2 ± 0.4
HR 38 ± 8.4 0.07 ± 0.01 1.4 ± 0.2
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with different adhesive thickness need to be performed if one wants to find the absolute

optimum.

3.4 Discussion

3.4.1 On the rate, thickness, surface treatment, and composi-

tion dependency of the adhesive bonds

Figure 3.9 shows the rate dependency of the peak stress and the resulting dissipated

energy. For both adhesive types and adhesive thicknesses, the peak stress is significantly

higher while final failure displacement and the dissipated energy are significantly lower

under impact than under quasi-static conditions.

In order to understand the effect that the adhesive thickness has on the joint perfor-

mance, the peak stress and the dissipated energy – which includes the effect of the final

failure displacement – are plotted in Figure 3.10 (a) and (b). The presented values are

summarised in Table 3.1 and 3.2. Under quasi-static loading conditions, both adhesives

Fig. 3.9 Influence of the loading rate on the: (a) peak stress and (b) dissipated energy for both
adhesives. The solid and dotted lines indicating the trend of the rate-dependent behaviour of
the peak stress and the dissipated energy.
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show a slight decrease in stress and an increase of failure displacement and dissipated

energy as the thickness of the adhesive layer increased.

Under the high-rate regime, the peak stress and the dissipated energy for both adhe-

sives is independent of the thickness. In the case of medium-rates, the dissipated energy

for the film adhesive increases significantly when the thickness is increased from 0.1 to

0.3 mm, and remains constant for further increase to 0.5 mm. In the case of the paste

Fig. 3.10 Influence on the tensile stress and dissipated energy of adhesive thickness (a,b) and
adhesive composition (c,d).
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adhesive, the energy tends to increase proportionally to the thickness up to a value of

0.5 mm – it then decreases for a thickness of 1.0 mm. It is reasonable to believe that the

existence of voids and micro-cracks in the paste adhesive has a higher influence on the

mechanical performance under impact when the thickness of the adhesive is limited to

0.1 mm. This could be explained with the small amount of material, where the particles

are not able to demonstrate their full support of reinforcement. The similar observation

could be observed for the thinnest film adhesive thickness. Generally, it can be demon-

strated that the dissipated energy (in other references referred as fracture toughness)

increases with increasing adhesive thickness. This is on reasonable agreement with data

published previously [185].

Figure 3.10 (c) and (d) shows the differences in behaviour between both adhesive

types when tested under identical conditions. The main differences between both adhe-

sives are found at the microstructure level: (i) the AF 163-2OST film adhesive uses a

matrix of rubber particle reinforced epoxy supported by a glass fibre matte and comes as

a film, while (ii) the 2216 B/A Gray is a two-component epoxy paste adhesive toughened

with Kaolin particles. In general, the film adhesive shows higher values of stress, critical

deformation and dissipated energy than the paste adhesive — independently of adhesive

thickness and loading rate. This difference might be due to the different nature of the

toughening elements and epoxy matrix.

The performance of an adhesive joint does not only depend on the adhesive itself but

also on the surface finish of the adherents. Here, three different surface treatments were

studied for the paste adhesive 2216 B/A Gray using an adhesive layer thickness of 0.1 mm

and quasi-static loading conditions. The three surface treatments of the end-caps are: (i)

anodization, (ii) sand blasting, and (iii) plane polishing. Figure 3.11 shows the obtained

results for the stress and the dissipated energy performance versus the deformation. As

expected no surface treatment – i.e. surface polished – results in a very poor stress and
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Fig. 3.11 Quasi-static tensile test results showing the tensile stress versus tensile deformation
for bonded joints of 2216 B/A Gray with different adherent surface finishes and an adhesive
thickness of 0.1 mm. Number (1) identifies the metallic substrate.

dissipated energy. Sand blasting results in a higher stress and dissipated energy, but

still below those obtained using anodised surfaces. Hence, anodization is considered a

critical step in the bonding procedure since a higher surface energy for improved joint

strength can be achieved. Moreover, Figure 3.11 shows the fracture surface for both

plane polished and sand-blasted surface treatments. In both cases, adhesion failure (1)

is predominant, however, the area for interface failure of sand-blasted specimens is much

smaller than that of fully-polished specimens.

3.4.2 On the nature of the failure mechanism: fractography

analysis

In order to prove the homogeneity of the stress over the adhesive interface, an analysis of

the fracture surface under different testing conditions is carried out. For this purpose, a

scanning electron microscope (SEM) was employed. Representative surfaces for each one

of the adhesive types are shown in Figure 3.12. In both cases, a predominant cohesive
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Fig. 3.12 Fracture surfaces of adhesive joint with an adhesive thickness of ta = 0.5 mm for
(a,b) the AF 163-2OST adhesive and (c,d) the 2216 B/A Gray adhesive . Area marked as (2)
represents cohesive failure. Area marked as (1) indicates adhesion failure.

failure – see (2) in Figure 3.12 – is observed. However, adhesion failure (1) is also

visible in those areas closer to the edges of the specimen. In this regard, the adhesive

film shows slightly more homogeneous fracture surface than the paste adhesive – the

adhesion area of the film is approximately 200 µm wide while that of the paste adhesive

is approximately 500 µm wide – see Figure 3.12(b) and (d). Singular stress concentration

around the free edge is believed responsible for this small inhomogeneity. Figure 3.13

shows the influence of the adhesive thickness on the fracture surface. For both adhesive

compositions, a narrow area of interface failure next to the specimen free edge can be

observed – this is marked as (1) in Figure 3.13(a) and (c). As the thickness of the

adhesive increases, several layers of fractured adhesive are visible – see areas marked as

(2) in Figure 3.13(b) and (d). Also, the areas of near-to-interface failure are not observed

in the 0.5 mm adhesives. Through the thicker adhesive, more energy as a consequence

of larger deformation is required in order to separate the two bonded surfaces. This

results in a larger critical deformation with increasing adhesive thickness and therefore
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Fig. 3.13 Fracture surface micro-graphs illustrating the influence of adhesive thickness on the
fracture behaviour for (a,b) AF 163-2OST and (c,d) 2216 B/A Gray with a thickness of 0.1
mm (a,c) and 0.5 mm (b,d) when tested under impact.

an enlargement of the dissipated energy.

For a better understanding of the cohesive fracture of each adhesive type, the rough-

ness and the position of the post-failure crack path was measured using a 3D micro-

coordinate measurement machine (Alicona 3D Profilometer). The profile height of two

representative 0.5 mm thickness adhesive joints tested under MR conditions are shown

in Figure 3.14. The film adhesive shows a more homogeneous fracture surface than the

paste adhesive: the line measurement and the color-map show that the fracture of the

film adhesive is approximately half of the total thickness. This is clearly representative

of cohesive failure. However, the fracture of the paste adhesive is less homogeneous with

larger profile changes and it shows areas which look like adhesion failure. However, the

roughness of those areas and the peak right at the edge of the sample seem to indicate

a near-to-interface fracture rather than an adhesion fracture – see Figure 3.14(d).

Figure 3.15 shows detailed micro-graphs of the nature of each adhesive. A main
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Fig. 3.14 High-detail optical micro-graphs illustrating the adhesive composition for (a) the
adhesives, (b) graphical illustration of the profile for both adhesives, (c) a graph showing the
profile height over the diameter and (d) fracture modes of adhesive joints.
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Fig. 3.15 Fracture surface micro-graphs showing detailed features of the film adhesive AF 163-
2OST (a) and paste adhesive 2216 B/A Gray (b) when tested under quasi-static conditions
and high-rate conditions including the fracture process for each adhesive
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difference is appreciated: the fracture surface of the film adhesive indicates a smooth

appearance while the paste adhesive shows a very rough fracture surface – see Figure

3.15(a) and (b) respectively. The thin crack lines marked as (2) in Figure 3.15(a) show

the smooth fracture surface. The structure marks as (6) in Figure 3.15(b) indicate a

very rough fracture of the paste adhesive. Moreover, Figure 3.15 shows micro-graphs

of the fracture surfaces under both QS and HR conditions. The main failure modes

for the adhesive film are shown as numbered areas in Figure 3.15(a). When a load is

applied at the adhesive joint, the adhesive elongates until the strength of the adhesive

is reached. After that, the adhesive deforms plastically until the critical values of the

adhesive components are reached.

Theoretically, the fibre support should not have a strong influence on the mechanical

performance. However, as reported in [12], the fibre scrim may introduce imperfections

in the epoxy matrix which would reduce the mechanical performance of the adhesive.

With this in mind, it is reasonable to assume that the first cracks will appear in the

interface between fibre scrim and matrix. Detail (1) in Figure 3.15(a) shows the imprint

of a fibre in the matrix – the surface is unstructured, indicating that there was little

resistance as the fibre detached from the epoxy (3). In contrast, the fractured epoxy

shows strong marks of shear deformation – see detail (2) in Figure 3.15(a). Since the

adhesive shows certain porosity, cracks within the pores/ voids (4) tend to appear first as

the final fracture approaches. This loss in stability is evident in the stress-displacement

curve – indicates the beginning of the softening slope. After this point, fibre rupture

with fibre pull-out (5) is observed. This phenomena may result in an exponential falling

slope rather than a linear one – see Figure 3.7.

The fracture surface of the paste adhesive is different. It shows a rough and unstruc-

tured behaviour – see Figure 3.15 (b). The applied load lets the paste adhesive deform

plastically until the first cracks appear – usually perpendicular to the loading direction
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in the epoxy matrix, and especially at the interface between particles and matrix. With

further loading, these cracks coalesce – see detail (7). Moreover, the limited bonding at

the interface between epoxy and particle is shown in detail (8). The process of fracture

of each adhesive is illustrated in Figure 3.15.

In Figure 3.15 no noticeable difference between QS and HR is observed, this suggests

that an important part of the mechanical performance of the adhesives is dictated by the

epoxy adhesive itself. The adhesive is a polymer which consists of molecule chains, thus,

it might be expected that the mechanical behaviour is based heavily on the independent

behaviour of these chains. When a load is applied rapidly, the entangled molecule chains

are not able to reorient in order to adjust themselves to the direction of applied load.

This results in a higher resistance but a lower displacement-to-failure when the adhesives

are tested under high-rate. In contrast, if the load is applied slowly over a long period

of time, the molecule chains have time to reorient. In this case, the adhesive is capable

to use its full mechanical properties until the maximum values are reached [160].

3.4.3 Validity, advantages and limitations of the proposed method-

ology to measure cohesion

In order to prove the validity of the methodology, a standard DCB test has been simu-

lated and compared to experimental results found in the literature [198]. The simulation

employs cohesive elements which have been assigned a traction separation law which

matches the behaviour measured experimentally for the film adhesive. The procedure

sequence is shown in Figure 3.16 (a). The numerical simulation of the experimental

investigation has been performed using the finite element code Abaqus/Implicit. The

geometry of the finite element model of the DCB has been generated accordingly to

the literature [198]. The adherents were modelled using 8-node single integration point
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Fig. 3.16 Demonstration of a) the validation sequence and b) the comparison of results ob-
tained from literature and simulation.

hexahedral elements with the properties of a typical aluminium alloy 2024-T Alclad E

= 66 GPa, σy = 350 MPa and ν = 0.33, [198]. The adhesive layer with a bondline

thickness of ta = 0.2 mm was modelled using cohesive elements in combination with the

simplified tri-linear traction separation law extracted from the experiments. A pre-crack

of 15 mm was introduced as described in [198]. The specimen was then pulled at a

constant velocity of v = 0.2 mm/min. The simulated results are in good agreement

with the experimental force-displacement curve – see Figure 3.16 (b). Therefore, one

may assume that the traction separation curve (stress-displacement curve) as directly

measured in the experiments is a good representation of the cohesive response of the

adhesive interface.

The proposed specimen geometry and experimental methodology have a few advan-

tages for the characterisation of adhesive interfaces when compared to standard DCB

tests. For example: (i) the same setup and geometry is used independently of rate,

thus, the rate-dependent behaviour can be directly compared, (ii) the high-rate results

are absent of dynamic effects which introduce noise in the measurements – as opposed
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Fig. 3.17 Dissipated energy comparison between experiments and values found in literature
for: a) film adhesive AF 163-2OST and b) paste adhesive 2216 B/A Gray.

to DCB experimentation, and (iii) the traction-separation can be measured directly,

there is no need to use analytical models. In this last regard, Figure 3.17 compares

the measured values for the dissipated energy to the ones obtained in literature using

DCB tests. One can see that the values of dissipated energy derived from DCB tests fall

within the trend measured using the new approach. The deviation may be due to the

influence of the surface treatment which plays a crucial role in adhesively bonded joints.

Nevertheless, the proposed experimental methodology also has some disadvantages: (i)

the measurement requires a series of specialised equipment – such as several high-speed

cameras for DIC – that are not widely available. Also, for QS and MR experiments, the

synchronisation procedure can be challenging – if the synchronisation is not exact, the

calculated values of dissipated energy may be inaccurate.
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3.5 Analytical model for adhesive behaviour: a rate-

dependent traction-separation law

The experimental campaign for characterising the adhesive joint behaviour under quasi-

static, medium-rate and high-rate loading conditions enables the development of a

phenomenological material model of the adhesive behaviour. The experimental stress-

displacement curves and the derivation of the dissipated energy are used to generate a

trapezoidal shaped traction separation law (TSL) – Figure 3.18. This is a valid approach

when considering the adhesive layer to be an interface zone.

The damage evolution process takes place in terms of the degradation of the adhesive

stiffness. This can be described by the scalar damage variable d. The traction component

of the material after damage initiation is described following

t = (1 − d)Knδ (3.6)

where t is the traction, δ the separation value and Kn is the stiffness of the fracture

mode I, which is calculated using the Young’s modulus and the adhesive layer thickness

Fig. 3.18 Trilinear traction separation law
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Kn = E

ta
. (3.7)

Due to the higher stiffness of the adherents, the Poisson′s contraction of the adhesive

may be restricted which could affect the measurement of the adhesive interface stiffness

Kn, [199]. The criteria for damage initiation is written in terms of separation as δ0 and

follows

δ0 = tmax

Kn
(3.8)

where tmax is the maximum traction at initiation. The separation at the end of the

plateau of the plastic region, δpl, is given by,

δpl = δ0 + α · Gc

tmax
, (3.9)

where Gc is the dissipated energy, and as it is introduced by [200] α is the ratio of the

plastic energy and the dissipated energy, following the rate-dependent equation,

α = αref ·
(

δ̇

δ̇ref

)q

. (3.10)

Since the whole area under the traction-separation curve corresponds to the obtained

dissipated energy, the final separation δf can be obtained using,

δf = δ0 − δpl + 2 · Gc

tmax
, (3.11)

where δpl is the end of the plastic plateau. The separation rate dependency presented

in Figure 3.9 of the initial traction is described using a power-law as,

tmax = tref ·
(

δ̇

δ̇ref

)m

, (3.12)
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and for the dissipated energy following,

Gc = Gref ·
(

δ̇

δ̇ref

)j

, (3.13)

where tref , Gref and δ̇ref are the reference values of stress, dissipated energy and separation

rate respectively. The reference separation rate δ̇ref = 1 s−1. The parameters m and

b are the separation rate sensitivity exponents for the stress and the dissipated energy

respectively. Then, the damage variable d can be fully defined as follows

d =



0 , δ ≤ δ0

1 − δ0
δ

, δ0 < δ ≤ δpl

1 − δ0(δf −δ)
δ(δf −δpl)

, δpl < δ ≤ δf

1 , δ > δf

(3.14)

3.5.1 Determination of the TSL parameters

The experimental results shown in Figure 3.7 were used to identify the parameters which

describe the behaviour of the model. Experimentally obtained values of the peak stress,

plastic separation and final failure separation for each thickness and loading rate were

used to calibrate the relevant rate sensitivity parameters (m, j, q) and the reference

parameter (tref , Gref , αref) for stress, dissipated energy and plastic ratio. With the least

square method, optimal parameters for the analytical model were generated using an

optimisation tool.

The identified parameters are shown in Table 3.3 for the film and the paste adhesive

respectively. The results from the analytical model are compared to the experiments in

Figure 3.19. The model is able to capture the thickness-dependent and rate-dependent
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Fig. 3.19 Results analytical model for titanium-to-titanium adhesive joints in quasi-static,
medium-rate and high-rate loading conditions. Predictions are made for film adhesive AF
163-2OST with (a) ta = 0.1 mm, (b) ta = 0.3 mm, (c) ta = 0.5 mm and the paste adhesive
2216 B/A Gray with (d) ta = 0.1 mm, (e) ta = 0.5 mm, (f) ta = 1.0 mm
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Table 3.3 Calibration of TSL parameters for both adhesives.

Parameters tref (MPa) m Gref
(

N
mm

)
j αref (-) q E (MPa)

AF 163-2OST 41.57 0.034 4.92 -0.101 0.455 -0.050 2000
2216 B/A Gray 19.25 0.112 2.00 0.001 0.591 -0.024 2500

behaviour of the joint; the traction-separation behaviour is in good agreement with the

experimental results. However, for a paste adhesive the results do not correlate as good

as for the film adhesive. High experimental scatter as shown in Figure 3.10 is believed

to be influencing the obtained constants. The TSL law can be implemented directly into

the cohesive zone models commonly available in many of the commercial finite element

analysis packages to simulate industrially relevant bonded components.

3.6 Conclusions

The rate-dependent behaviour for mode I deformation and failure of a thermosetting

epoxy film adhesive and a two-component paste adhesive has been characterised experi-

mentally. A novel experimental methodology for the characterisation of the mechanical

performance of adhesive joints has been developed for this purpose. The results show the

influence of loading rate, adhesive composition and adhesive thickness on the mechan-

ical properties and are used to propose a rate-dependent analytical traction-separation

model. The following specific conclusions can be drawn:

1. A methodology able to capture both the reversible and irreversible deformation of

the adhesive under three-different loading regimes is presented. It relies upon the

stress wave propagation and the combination of both ultra-high-speed-photography

and medium-to-low-speed-photography based DIC. The optimal setup and speci-

men design was derived using numerical analyses – this was used to ensure accu-
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rate property measurement and traction homogeniety within the interface. Post-

mortem fractography proved this approach successful.

2. Metal-to-metal adhesive joints using two different commercially available adhesives

– a film and a paste adhesive – were characterised using the developed methods.

Their mechanical properties show strong dependence on the adhesive thickness,

the adhesive architecture , the surface treatment and the loading rate.

3. Particularly, the strength tends to increase proportionally to the loading rate and

the dissipated energy tends to decrease proportionally to the loading rate. This

trend occurs independently of adhesive morphology and adhesive thickness. The

effect of adhesive thickness is different – the maximum strength is shown indepen-

dent, but the dissipated energy is larger for thicker interfaces. The loss of volume

of the thinner adhesives is believed responsible: the size of voids and other im-

perfections are close to the total thickness thus a representative volume element is

not achieved.

4. The film adhesive showed higher strength and dissipated energy than the paste

adhesive. High-resolution fractography was used to elucidate this difference in

behaviour: (i) AF 163-2OST shows intrinsic damage: matrix fracture, crack across

the voids, fibre rapture, debonding of the fibres from the matrix and fibre pull-

out; (ii) 2216 B/A Gray shows a rougher surface influenced by the appearance of

micro-cracks and debonding of Kaolin particles from the matrix.

5. A rate-dependent traction-separation law is proposed. The model is able to cap-

ture the rate-dependency of both the maximum stress and the dissipated energy

accurately. This is suitable for implementation as a cohesive zone model which

can then be used to assess numerically the mechanical performance of adhesively-

bonded components under practical conditions.
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Chapter 4

Rate-, fracture mode and thickness

dependent experimental

characterisation and model

development for adhesive joints

4.1 Introduction

A reliable experimental characterisation of the adhesive interface is the foundation for

the development of mathematical models for predictive simulation of the performance

of adhesives at larger length scales. Since the adhesive layer is relatively thin compared

to the global structure, the cohesive zone model approach (CZM) [44, 51, 52] offers a

practical and scalable modelling solution. However, the accuracy of these models heavily

rely upon the precise determination of thus defined properties of adhesive interfaces [201].

Because the thickness of the adhesive is very small when compared to its width, it is
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reasonable to assume plane strain conditions. This simplifies the process and allows

direct application of the CZM. However, care is advised when studying thick hyper-

elastic joints. A significant number of studies have been carried out to predict failure

of adhesive joints with various different shapes of the TSL: bilinear, exponential and

trapezoidal amongst others [134, 202] – most of them independent of the loading rate

and/or the adhesive thickness. There is experimental evidence [203] that the stress

and the dissipated energy are dependent on the loading rate. With this in mind, models

capable of representing rate-dependent material behaviour, have already been developed

[82, 83, 202, 204, 205]. However, most of them do not take into consideration the influence

of the adhesive layer thickness on the mechanical performance of the joint such as the

dissipated energy, thus calling for the incorporation of observed thickness-dependent

features into the modelling approaches. A unified model which explicitly includes the

size effect of the interface has practical advantages and is proposed and discussed here.

The aim of this Chapter is to develop both a unified experimental and modelling

framework that allows direct measurement of the behaviour under any rate of inter-

est and that considers any effect introduced by the size of the interface. For this, a

mathematical model which represents the rate- and thickness-dependent behaviour of

adhesive interfaces is presented and calibrated. First, the behaviour of adhesive joints

with different thicknesses is investigated under mode I, mode II, and mixed-mode frac-

ture using the newly devised experimental method developed in Chapter 3. Second,

the three-dimensional volume of the interface is resolved using computed tomography,

thus allowing precise information of the internal flaws present in the adhesive to be

addressed. Third, a traction-separation law which builds upon existing mathematical

models for adhesive interfaces is proposed. This adds the appropriate dependence of the

thickness and the rate on the strength and the fracture path. Finally, the developed

model is implemented into a finite element modelling framework and is proven with the
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mixed-mode experimentation.

4.2 Experimental methods

The rate-dependent characterisation of adhesive interfaces is carried out using the experi-

mental method developed in Chapter 3. Thus, a direct comparison of the rate-dependent

but also thickness and fracture mode dependent experiments is enabled. It is necessary

to identify an optimal specimen design which is appropriate for different fracture modes

and which can be used in the Split Hopkinson bar (for dynamic experimentation). It

is relevant to note that in this Chapter, we adopt fracture mechanics nomenclature to

define the different fracture modes — mode I, mode II and mixed-mode. However, these

refer to equivalent continuum mechanics experiments employed to directly extract in-

formation required when working with the CZM approach. As opposed to traditional

fracture mechanic experiments (such as ENF, SLB and DCB), the experiments carried

out here do not have a defined crack tip. These types of experiments and the procedure

to acquire and measure the experimental data together with a description of the type of

employed adhesive are given and explained below.

4.2.1 Experimental setup, specimen design and adhesive ma-

terial

The scope of this Chapter is to characterise adhesive joints in terms of their: (i) rate-

dependence, (ii) thickness dependence and (iii) fracture mode dependence. For that, the

experimental method developed in Chapter 3.2.2 was used. Thus, a direct interpretation

of the effect of deformation rates was enabled. Therefore, the specimen geometries

of each fracture mode had to be designed with high-rate experimentation in mind –
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Fig. 4.1 Overview of the specimen geometries for the fracture modes: mode I, mode II and
mixed-mode.

specimens were designed with specific geometries that match the mechanical impedance

between loading bars and end-caps. Specimen geometries for each fracture mode are

shown in Figure 4.1. These consist of: (i) a butt-joint with 4 mm thick end-caps for

mode I; (ii) a single-lap shear specimen with an overlap length of 10 mm for mode II; and

(iii) a 45◦ angled surface for mixed-mode. Analogously to the experiments in Chapter 3,

the end-caps were manufactured using the titanium alloy Ti–6Al–4V which is the same

material employed in the loading bars.

The experimental findings in Chapter 3.3 showed superior mechanical performances

of the film adhesive AF 163-2OST when compared to the paste adhesive. Therefore,

the continuing investigation was based entirely on the film adhesive AF 163-2OST.

Accordingly, three bondline thicknesses of 0.1, 0.3 and 0.5 mm have been manufactured

to determine the influence of the interface thickness on the mechanical behaviour of the

joints.

As before, the surfaces of the titanium end-caps were grit-blasted, etched, and an-

odised following the procedure described in [12]. The bonding fixture illustrated in

Figure 4.2(a) was used to accurately manufacture mode I specimens with the specified

thicknesses – similar fixtures were manufactured for mode II and mixed-mode specimens.

After manufacturing, the bondline was measured. Measurements are reported in Figure
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Fig. 4.2 Schematic representation of (a) bonding fixture and (b) bondline measurements.

4.2(b) – these have an error below 3%.

Based on the new experimental method and its corresponding setups developed in

Chapter 3.2.2, rate-dependent experiments for the different fracture modes were per-

formed.

4.2.2 Micro-structural characterisation

It is well established that the voids present in the bulk adhesive will have an effect on the

mechanical performance of the joint. In order to assess the quantity, shape and size of

these voids or pores, X-ray computer tomography (XCT) was used to obtain a detailed

representation of the adhesive microstructure for each one of the thicknesses of interest

and for each fracture mode. X-ray scans with a resolution of 836 x 863 x 272 voxels were

taken (each voxel represented 12.44×12.44×12.44 µm). A volume of 10.40×10.74×3.38

mm was measured. To estimate the void volume fraction, the scans were transformed

in gray-scale images and reconstructed using the post-processing software Amira. This

allowed the measurement of each void independently. The volume fraction of voids was

calculated following

fv = Vv

Vt
(4.1)

where Vv is the total volume taken by the voids while Vt is the total volume of the

adhesive when assuming that no voids are present. Small errors are expected to be
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associated with the resolution of the XCT scan and the threshold employed to identify

the voids.

For the identification of the fractured surface, a scanning electron microscope (SEM)

was employed. The samples were gold coated prior to fractographic analysis to generate

a conductive surface. Representative specimens were chosen to microscopically deter-

mine the nature of the fractured surface. Additionally, a 3D optical microscope was used

to measure the three-dimensional profile of the fractured surface – this provides impor-

tant information about the interface failure type i.e. proportions of cohesive failure vs.

adhesion failure present.

4.3 Experimental Results

In this section, the experimental results for each one of the fracture modes, thicknesses

and loading rates are shown. Then, the results are analysed to identify how each of those

factors affect the peak traction and the dissipated energy. Additionally, the adhesive’s

microstructure is investigated before experimentation via computed tomography – this

measures the presence of defects which might influence the mechanical performance of the

bonded structure. Finally, the fractured surfaces of the adhesive joint are microscopically

investigated to identify the type of failure.

4.3.1 Experimental traction-separation curves

Characterisation experiments have been performed at laboratory temperature to inves-

tigate the mechanical performance of adhesive joints as a function of: (i) the loading

rate, (ii) the fracture mode, and (iii) the interface thickness. Recorded force and dis-

placement conditions were processed to obtain the nominal tensile traction stress and
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tensile separation displacement curves for each condition. Traction-separation curves

are summarised in Figure 4.3.

First, results suggest that the initial elastic response of specimens for the fracture

modes I and mixed-mode are strain-rate independent. Mode II initial elastic response

results suggest a slight strain-rate-dependent behaviour. All fracture modes show a

trapezoidal shaped curve independent of the adhesive thickness and the loading rate.

The mean maximum traction is highly dependent on the strain-rate for all the fracture

modes – between QS and HR, it increases from 40 MPa to 60 MPa under mode I, from 35

Fig. 4.3 Results of the rate and thickness dependent experiments for mode I with the thick-
nesses (a) ta= 0.1 mm, (b) ta= 0.3 mm and (c) ta= 0.5 mm, for mode II with the adhesive
layer thickness of (d) ta= 0.1 mm, (e) ta= 0.3 mm and (f) ta= 0.5 mm and for mixed-mode
whith the bondline thickness (g) ta= 0.1 mm, (h) ta= 0.3 mm and (i) ta= 0.5 mm.
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MPa to 50 MPa under mode II, and from 38 MPa to 55 MPa under mixed-mode fracture.

Moreover, the mean peak stress is shown to be independent of the adhesive thickness

independently of loading rate for both mode I and mode II fracture. Additionally, the

mean maximum traction for fracture mode II is around 4 MPa lower than the mode I

mean maximum traction. For mixed-mode fracture the mean maximum traction shows

a decrease with increasing adhesive thickness.

Second, Figure 4.3 results also show that the final failure displacement increases with

increasing adhesive thickness – up to a certain value where the maximum final failure

displacement stops increasing. For QS, this displacement threshold is approximately

0.25 mm for mode I, 0.55 mm for mode II and 0.3 mm for mixed-mode. For HR, this

displacement threshold is approximately 0.07 mm for mode I, 0.15 mm in mode II and 0.1

mm in mixed-mode – a substantial decrease when compared to the QS values. Indeed,

the final failure displacement decreases with increasing strain rate. Consequently, the

dissipated energy (area under the whole traction-separation curve) has a negative rate

dependency for all investigated fracture modes – i.e. it decreases with increasing strain

rate, especially for mode II where it is approximately double than that reported for

mode I.

4.3.2 On the mode-, rate- and thickness-dependent behaviour

Experimental results suggest that the peak stress for the fracture mode I and mode II

increases with increasing loading rate. The dissipated energy and the plateau ratio show

a decrease as the loading rate increases — this is more evident in mode II and mixed-

mode – see Figure 4.4. This observation is in agreement with several investigations

found in the literature where the fracture energy also decreased with increasing strain

rate [97, 103]. However, it is also worth mentioning that other adhesives have shown an
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Fig. 4.4 Influence of the adhesive thickness, loading rate and fracture mode on (a) the peak
stress, (b) the dissipated energy and (c) the plateau ratio.

increase of the critical strain energy release rate with increasing loading rate [82, 202].

The peak stress and the dissipated energy are believed to be rate-dependent due to the

polymeric nature of the adhesive. One might expect that the mechanical performance

of the adhesive is heavily based on the independent behaviour of the molecular chains

of the polymeric matrix as it is already explained in Chapter 3.

Figure 4.5 compares the dissipated energy measured via continuum mechanical tests

to the fracture mechanical experiments performed by Alvarez et al. [12]. Alvarez et

al. employed the same adhesive than the current study – but with a different thickness.

Thus, experimental results for adhesive thicknesses of ta = 0.3 and 0.5 mm are compared

to literature results – which employed a thickness of 0.4 mm. The dissipated energy

obtained with the continuum mechanical experiments is in reasonable agreement with

the literature fracture mechanical experiments – similar fracture mode dependence is

observed.
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Fig. 4.5 Comparison of the obtained dissipated energy for mode I, mode II and mixed-mode
for the film adhesive AF 163-2OST. Blue indicates current study while black shows results
measured by Alvarez et al. [12].

4.3.3 X-ray tomography of voids and their effect on adhesion

Figure 4.6 confirms and illustrates the initial presence of voids and pores inside each one

of the investigated adhesives using X-ray tomography. The void volume fraction was

calculated using the Amira’s statistical measurement tools which allow to determine the

total volume of the voids inside the adhesive layer. The distribution of pore size was

estimated by calculating an equivalent void diameter based on a sphere geometry – see

Figure 4.6. It is shown that the void size distribution is similar for each one of the

thicknesses. Moreover, the void size distribution in Figure 4.6 illustrates that rubber

particles of the adhesive have not been considered since they have a diameter below 1

µm. The employed CT method does not have enough resolution to resolve such small

particles or defects. Additionally, Figure 4.6 demonstrates that the thickest adhesive

layer (ta = 0.5 mm) has a larger number of voids than the thinner adhesives but the

volume fraction of voids is smaller than 0.3 and 0.1 mm thicknesses.

The void volume fraction of pores fv for each fracture mode is fv = 5.9 % (ta = 0.1

mm) , 3.1 % (ta = 0.3 mm) and 3.0 % (ta = 0.5 mm) for mode I, fv = 8.8 % (ta = 0.1
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mm) , and 3.3 % (ta = 0.5 mm) for mode II and fv = 5.1 % (ta = 0.1 mm) , and 3.5 %

(ta = 0.5 mm) for mixed-mode. This confirms that a RVE is not achieved: the thinner

the adhesive, the larger the volume fraction of voids. Moreover, X-ray tomography

shows that, for the thinnest bondline, some of the larger pores cover the whole adhesive

thickness. This explains some of the results shown in Figure 4.3: abnormally low values

Fig. 4.6 Results of computer tomography X-ray scans for representing the void distribution
of the investigated bondline thicknesses ta= 0.1, 0.3 and 0.5 mm, the number of voids over the
equivalent void diameter and the void volume fraction.
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of dissipated energy were measured for ta = 0.1 mm. The following general observations

can be drawn: (i) the employed adhesive is rich of voids, (ii) the number of voids increases

with increasing adhesive layer thickness, (iii) the void distribution is similar throughout

for each of the measured thicknesses and (iv) the void volume fraction decreases with

larger adhesive thickness following a power law distribution – see Figure 4.6(3). This

behaviour can be expressed as

fv(ta) = fvref · t−fv0
a (4.2)

where fvref is the reference value and fv0 is the thickness sensitivity parameter. The

relationship and its values are provided in Figure 4.6(3).

It is believed that the void volume fraction is related to the adhesive thickness due to

the manufacturing process of the specimens and the number and size of pores presented

in the initial film adhesive. When manufacturing the thicker adhesives, several layers

of 0.2 mm films are compressed together. This allows for more adhesive material to

compress and collapse voids, therefore reducing the effective volume fraction of voids

at larger thicknesses. For the thinnest adhesive layers, because the size of some pores

present in the initial film are similar in size to the actual adhesive layer, pore occlusion

is difficult and the volume fraction of voids in the manufactured component is higher.

4.3.4 On the nature of fracture

Figure 4.7 shows the fractured surfaces of mode I and II samples with a thickness of 0.1

mm. The form of the voids in the fractured samples suggests that these existed before

deformation. In normal direction (mode I), the voids keep a spherical form – a mostly

normal load will break the voids in half, but these will keep their round shape. In the

case of shear loading, the observed elliptical shape suggests that these were deformed as
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Fig. 4.7 Representation of fractured mode I and II samples for an adhesive thickness of ta=
0.1mm tested under quasi-static (QS) and high-rate (HR) loading.

a consequence of large shear strains.

Figure 4.8 compares the effect of rate and fracture mode for a thickness of 0.5 mm.

An abundance of voids (4) on the surface fracture is evident. This confirms the CT

measurements. Voids are evenly distributed – this is expected to have a major effect

on the fracture performance of the adhesive. Moreover, a typical adhesive failure – as

opposed to cohesive failure – is observed. More particular details of the different fracture

phenomena are highlighted and detailed as follows: As a result of the applied force, the

supporting fibres debond from the matrix (1) and result either in fibre pull-out (3) or in

fibre fracture (2). Moreover, matrix failure (5) is predominant independently of fracture

mode. Furthermore, hackles (6) and cusps (7) are observed. These are common shear

fracture characteristics and are most predominant under mode II fracture. Additionally,

it can be assumed that the majority of the energy dissipation is due to the action of the

rubber particles, causing cavitation of the epoxy matrix, void growth and shear yielding

of the matrix between the particles.

Optical micro-graphs of the whole fracture surface for each one of the fracture

modes and thicknesses are shown in Figure 4.9 for; (a) medium-rate and different thick-
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Fig. 4.8 Fractured SEM micro-graphs showing detailed features of failure of the investigated
film adhesive when tested under quasi-static and high-rate loading for an adhesive thickness
of ta= 0.5mm.
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nesses/fracture modes; and (ii) a thickness of 0.3 mm and different fracture modes/rates.

Images show that cohesive failure is predominant. Three-dimensional profile measure-

ments of the surfaces show that the fracture line is mostly within the thickness range of

each one of the studied adhesive interfaces, thus proving that cohesive failure occurred.

This approves the use of the CZM approach.

Fig. 4.9 Optical micro-graphs of the adhesives after fracture for different adhesive thicknesses
and different loading regimes.
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4.4 Modelling methods

This section provides a unified model of the adhesive interface where the influence of the

rate and the thickness are explicitly embedded into the constitutive equations. The goal

is to propose a model which is faithful to the observed phenomena and which is flexible

and suitable for large structural stress analyses which employ finite element methods.

For this reason, the cohesive zone model approach is employed. The mathematical

description of the model is tailored to the observed phenomena.

4.4.1 A modified cohesive zone model

The proposed mathematical model is motivated by the approach presented by Marzi et

al. [82], where a trilinear CZM represents the irreversible deformation which occurs at

the adhesive interface when cracks nucleate and propagate. This model will be referred

as the baseline model for comparison. Figure 4.10(a) presents a typical TSL with a

trilinear shape. This constitutive model is here modified to better capture the observed

experimental phenomena. In order to demonstrate the advantages of this model, both

the baseline and the modified models are calibrated and compared to the experimental

Fig. 4.10 Representation of (a) a typical trilinear traction-separation law and (b) the used
terminology for the different energies used in the mathematical model.
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results. Figure 4.10(b) illustrates the rheological differences between the modified TSL

and the baseline TSL as described in [82] and it shows the employed energy terminology.

The resultant energy of the TSL is divided in two parts: (i) a plateau energy, which is

believed to represent possible plastic deformation, crack nucleation, crack propagation

and crack coalescence, and (ii) the whole area under the curve, that represents the

dissipated energy. Particular details of the proposed mathematical model are explained

in the following subsections.

4.4.2 Rate-dependent formulation of peak stress, dissipated

energy and plateau area

The CZM is intended to be applicable in industrial sectors where no extremely stiff

adherents are used. Therefore, it is reasonable to assume that any rate-dependent be-

haviour of the high adhesive stiffness – as observed in Figure 4.3 – is negligible for the

mechanical behaviour of the bonded structure. Moreover, the employed experiments are

insufficient to accurately determine the strain-rate dependency of the adhesive stiffness.

Therefore, this model does not consider any rate dependency of the stiffness. On the

other hand, key mechanical parameters such as the peak stress or the dissipated energy

can be made rate-dependent by employing exponential or logarithmic expressions which

are a function of the strain rate. In the present study, three mechanical parameters have

been identified as rate-dependent: the peak stress, the dissipated energy and the plateau

energy. Experimentation suggests that the peak stress follows a logarithmic relationship

as it is shown in Figure 4.11. For mode I, the maximum traction TN is expressed as:

TN(ε̇N) = TrefN + T0N · ln
(

ε̇N

ε̇ref

)
(4.3)
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Fig. 4.11 Illustration of the rate-dependent peak stress performance for (a) mode I and (b)
mode II fracture mode.

while for mode II, the maximum traction TS is expressed as:

TS(ε̇S) = TrefS + T0S · ln
(

ε̇S

ε̇ref

)
(4.4)

where TrefN, TrefS and T0N, T0S are the reference values of peak stress and the strain rate

sensitivity parameters respectively. The parameter ε̇ref is the reference strain rate, and

ε̇i is the strain rate which is expressed following

ε̇i = v

ta

with i = N, S (4.5)

where v is the applied velocity, ta the adhesive thickness and i = N, S represents the

strain rate in normal and tangential direction respectively.

The dissipated energy is also a logarithmic function of the strain rate as seen in

Figure 4.12. The mode I dissipated energy GcN is described as

GcN(ε̇N) = GrefN − G0N · ln
(

ε̇N

ε̇ref

)
(4.6)
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Fig. 4.12 Illustration of the rate-dependent dissipated energy performance for (a) mode I and
(b) mode II fracture mode.

while the mode II dissipated energy GcS is described as:

GcS(ε̇S) = GrefS − G0S · ln
(

ε̇S

ε̇ref

)
(4.7)

where GrefN and GrefS are the reference values of the dissipated energy in mode I and

mode II respectively, and G0N and G0S represent the strain rate sensitivity parameters

for each mode.

In the present model, the plateau area is also rate-dependent which is illustrated

in Figure 4.13 – this is represented by the ratio between the plateau energy and the

dissipated energy according to:

PN(ε̇N) = PrefN ·
(

ε̇N

ε̇ref

)pN

(4.8)

and

PS(ε̇S) = PrefS ·
(

ε̇S

ε̇ref

)pS

(4.9)

where PrefN and PrefS are the reference values for mode I and mode II respectively, and

pN and pS are the strain rate sensitivity parameters of the plateau ratio.
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Fig. 4.13 Illustration of the rate-dependent plateau ratio performance for (a) mode I and (b)
mode II fracture mode.

4.4.3 Influence of adhesive thickness and void volume fraction

on peak stress and dissipated energy

Both the peak stress and the dissipated energy are here considered to be influenced

by the initial void volume fraction fv obtained from XCT scans. However, fv is not

treated as a damage variable, therefore, it will not increase over time. For simplicity,

it is assumed that any damage occurring after the initial state is considered inside

the damage variable d introduced later. Additionally, experimental results suggest an

influence of the adhesive thickness on the dissipated energy – see Figure 4.4. Due to

the very thin adhesive interfaces, it is believed that no representative volume can be

obtained for all three investigated layer thicknesses. Therefore, Eqs. 4.3, 4.4, 4.6, 4.7

are modified to account for the changes in maximum traction and dissipated energy that

voids and adhesive thickness will introduce following

TN(ε̇N, fv) =
[
TrefN + T0N · ln

(
ε̇N

ε̇ref

)]
· (1 − fv) (4.10)
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and

TS(ε̇S, fv) =
[
TrefS + T0S · ln

(
ε̇S

ε̇ref

)]
· (1 − fv) (4.11)

for the peak stress in mode I and mode II respectively. The dissipated energy is then

expressed as

GcN(ε̇N, fv) =
[
GrefN − G0N · ln

(
ε̇N

ε̇ref

)]
· (1 − fv) · (1 − t0

ta

) (4.12)

and

GcS(ε̇S, fv) =
[
GrefS − G0S · ln

(
ε̇S

ε̇ref

)]
· (1 − fv) · (1 − t0

ta
) (4.13)

for mode I and mode II respectively. Here, it is assumed that the dissipated energy is re-

duced proportionally to the reduction in volume induced by voids – see (1-fv). Moreover,

experiments show a great dependence between dissipated energy and adhesive thickness.

This dependence is considered in a phenomenological manner by the expression (1− t0
ta

),

where t0 is a reference thickness calibrated using experimental values of the measured

dissipated energy at different adhesive thicknesses. One should note that this expression

is only usable in the range of thicknesses employed in the experiments.

4.4.4 Traction-separation law

A traction-separation law assumes that there is a damage evolution process taking place

that effectively degrades the stiffness of the material. This damage is typically expressed

as a scalar damage variable d. The traction components of the material after damage

onset can be described using

t = (1 − d) · K · δ (4.14)

where t is the traction, δ the separation value and K is the stiffness of the structure.

Figure 4.10 shows the representation of a tri-linear CZM for different modes of fracture.

107



4.4 Modelling methods

It should be noted that the strain rate is updated until the yield initiation limit δm > δm1

is reached. Hence, the TSL is dependent on the equivalent strain rate at yield initiation

[82]. The maximum traction and the yield initiation of the material which includes the

influence of mode I and mode II, are defined with a quadratic criterion which can be

written in displacement terms following

(
δm1,I

δn1

)2

+
(

δm1,II

δs1

)2

= 1 , (4.15)

where the yield initiation δm1 can be calculated using the expression

δm1 = δn1 · δs1

√√√√ 1 + β2

δ2
s1 + (δn1 · β)2 (4.16)

considering an equivalent mixed-mode displacement

δm1 =
√

δ2
m1,I + δ2

m1,II (4.17)

and a mixed-mode ratio with

β = δm1,II

δm1,I
. (4.18)

The yield initiation displacement is then fully described with the relevant displacements

for each mode separately. This is described following

δn1 = TN

Kn
and δs1 = TS

Ks
(4.19)

where the indices n and s represent mode I and mode II respectively. The stiffness for

each mode is calculated considering plane strain conditions following

Kn = E

tel
and Ks = G

tel
(4.20)
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where E is the Young’s modulus (2000 MPa), G the shear modulus (440 MPa), and tel

is the element thickness as a user-defined value. It is important to point out that the

stiffness in normal direction (mode I) is in reality larger due to the restricted lateral

contraction which cannot be directly modelled using the CZM. In general, the stiffness

calculated using Eq. 4.20 represents the lower bound for obtaining the correct joint

stiffness. On the contrary, the upper bound is obtained when considering the complete

restriction of lateral contraction which corresponds to an effective modulus [199]. How-

ever, for adhesives with high elastic modulus, the cohesive stiffness can be calculated

using the Young’s modulus [199]. This is here considered. Nevertheless, care is advised

when using flexible adhesives. In these cases, the reader is referred to the investigation

by O. Hesebeck [199] which reveals in the necessity of taking the restriction of lateral

contraction into account by providing several alternative approaches.

Analogously to the yield initiation displacement, a linear criterion in the form of

(
δmi,I

δni

)
+
(

δmi,II

δsi

)
= 1 i = 2, f (4.21)

is used to obtain the damage initiation δm2 and the final failure displacement δmf with

the expression

δmi = δni · δsi

√
1 + β2

(βδni + δsi)
i = 2, f . (4.22)

The relevant mode I and II dependent components for the damage initiation are de-

scribed by

δn2 = δn1 + 2 · GcN · PN

TN · (1 + γN) and δs2 = δs1 + 2 · GcS · PN

TS · (1 + γS) (4.23)

whereas the mode I and II components for the final failure displacement are expressed
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as

δnf = δn1 + δn2 + 2 · GcN

TN · γN
− δn2 + γN · (δn2 − δn1)

γN
(4.24)

and

δsf = δs1 + δs2 + 2 · GcS

TS · γS
− δs2 + γS · (δs2 − δs1)

γS
(4.25)

where the parameters γN and γS enable the representation of a softening plateau area.

These parameters represent a fraction of the maximum traction.

Then, the damage d can be fully defined as

d =



0 , δ ≤ δm1

1 − δm1
δm

·
[
1 + (γm−1)(δm−δm1)

(δm2−δm1)

]
, δm1 < δ ≤ δm2

1 −
[

γm·δm1
δm

· (δmf −δm)
(δmf −δm2)

]
·
[
2 ·
(

δ−δm2
δmf−δm2

)3
− 3 ·

(
δ−δm2

δmf−δm2

)2
+ 1

]
, δm2 < δ ≤ δmf

1 , δ > δf

(4.26)

where γm represents the percentage of plateau decrease for the mixed mode case and

that follows

γm =

√√√√γ2
N + (β · γS)2

(1 + β2) . (4.27)

Consequently, the traction-separation relationship following Eq.4.14 is fully described

by considering that the stiffness K of the structure also includes the influence of mode

I and mode II employing

K =

√√√√K2
n + (β · Ks)2

(1 + β2) . (4.28)
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4.5 Modelling Results

In this section, the proposed CZM is calibrated with the experimental results. For this,

mode I and mode II numerical results are employed. The fitness of the model is then

assessed and compared with the baseline CZM. Finally, the flexibility and accuracy of

the model is proven via simulation of the mixed-mode experiments.

4.5.1 Determination of rate- and thickness-dependent param-

eters for CZM

Before the proposed CZM model can be used, the values of the material parameters

need to be determined. In order to simplify and avoid overuse of material constants, a

step-by-step optimisation process was followed – where the mechanical characteristics of

the traction-separation law were extracted and identified separately from experiments.

This is also used to compare the advantages of the modified TSL over the baseline model.

The optimisation procedure is illustrated in Figure 4.14.

First, the void volume fraction fv is measured for the fracture modes I, II and mixed-

mode for each adhesive thickness. The experimental results in Section 4.3 suggest a

power law distribution of the void volume fraction with increasing adhesive thickness as

expressed in Eq. 4.2.

Second, the parameters related to the peak stresses for mode I and mode II are

identified – see Figure 4.15. It is observed that the maximum traction values for mode I

and mode II are different. Thus, one needs to employ mode-dependent parameters. The

result of the modified TSL Eq. 4.10 and 4.11 are shown as blue dashed lines for each

thickness independently. The effect of imperfections such as voids in the initial structure

is introduced via effective values of stresses which depend on the volume fraction of
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Fig. 4.14 Parameter optimisation process for the mathematical model representation.

voids. The baseline TSL parameters are also fitted to the experiments for comparison

purposes: these are represented with black solid lines. For both modes, the modified

model is capable of representing better the experimental results – due to the introduction

of the void volume fraction. For the baseline model, a compromise between the different

thicknesses had to be found – this negatively influences the overall fitness of the model.

Table 4.1 shows the identified values which represent the rate-dependent behaviour of
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Fig. 4.15 Comparison between modelled results and experimental data for the rate-dependent
behaviour of the peak stress for (a) mode I and (b) mode II.

the maximum stress for modes I and II.

Third, the parameters that relate the sensitivity of the dissipated energy to the strain

rate and the adhesive thickness are determined. The dissipated energy for both fracture

modes shows a linear decrease with increasing strain rate. Figure 4.16 shows that the

modified model formulation is able to capture the linear decrease. With the baseline

TSL, a decreasing exponential behaviour is achieved. However, this formulation results

in a similar dissipated energy for MR and HR results. This negatively influences the

overall fitness of the model to the experimental results. Furthermore, the value t0 =

0.038 mm describes the thickness dependence of the dissipated energy which is shown

by Figure 4.17. Table 4.2 shows the identified values which represent the rate-dependent

behaviour of the dissipated energy for modes I and II.

Table 4.1 Rate-dependent parameters for the maximum traction.

Mode I TrefN (MPa) T0N

38.00 1.90

Mode II TrefS (MPa) T0S

36.00 1.80
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Fig. 4.16 Comparison between modelled results and experimental data for the rate-dependent
behaviour of the dissipated energy for (a) mode I and (b) mode II.

Fourth, parameters related to the shape and size of the plateau are identified. As

shown in Figure 4.18, it is evident that the plateau area decreases as the strain rate

increases. Moreover, the plateau area is smaller in mode I than in mode II. To capture

this, the modified TSL introduces an exponential dependence between the plateau ratio

and the strain rate – see Equations 4.8 and 4.9. The slight decrease in the plateau area,

especially evident for mode II, is considered by defining γN = 1 and γS = 0.85. In the

case of the baseline TSL, the plateau ratio is constant. Comparison between both show

the improved fitness of the new approach. Table 4.3 shows the identified values which

represent the rate-dependent behaviour of the plastic plateau for modes I and II.

When comparing side-by-side the modified and the baseline models, the following is

observed: (i) the rate dependency of peak stress can be represented by both models – but

Table 4.2 Rate and thickness dependent parameters for the dissipated energy.

Mode I GrefN
(

N
mm

)
G0N

5.6 0.3

Mode II GrefS
(

N
mm

)
G0S

13.65 0.33
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Fig. 4.17 Comparison between modelled results and experimental data for the thickness-
dependent behaviour of the dissipated energy for (a) mode I and (b) mode II.

the modified TSL takes into account the effect of voids; (ii) the dissipated energy shows

an improvement with the modified model over the baseline TSL for the present adhesive

due to the change in the strain-rate sensitivity relationship and to the introduction of the

void volume fraction and adhesive thickness dependence; and (iii) the rate-dependent

formulation of the plastic plateau allows one to capture strain-rate effects – while the

baseline is insensitive to those.

Figure 4.19 shows the calculated traction-separation curves after calibration of the

material parameters. Computed curves are compared to the experimental results shown

as shaded areas. The graphs show that the model is able to capture the rate and

thickness dependency of the adhesive joint. A good agreement of the traction-separation

behaviour and the experimental results is shown. However, the model does not provide

Table 4.3 Rate-dependent parameters for the plateau ratio.

Mode I PrefN pN

0.65 -0.01

Mode II PrefS pS

0.80 -0.03
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Fig. 4.18 Comparison between modelled results and experimental data for the rate-dependent
behaviour of the plateau ratio for (a) mode I and (b) mode II.

an accurate representation of the high-rate response under mode I. Substantial deviation

is also observed on the elastic response of pure mode II for the thinnest adhesive layer.

It is believed that this is due to a size effect induced when the adhesive layer is minimal.

4.5.2 CZM validation: mixed-mode comparison

To demonstrate the suitability of the model, mixed-mode experiments – which were not

considered during the parameter determination step – are used to assess the interpola-

tion capability of the model under different loading directions. In order to assure that

the same mix of normal and tangential displacement is applied in the simulations, the

displacement in both normal and shear directions are extracted from the experimental

images. These displacements are then applied as boundary conditions in each one of the

adherents of the mixed-mode simulations. This procedure is illustrated in Figure 4.20.

By considering the exact experimental boundary conditions, displacement fluctuations

during the experiments are considered. The extracted displacement histories for the

different loading regimes and adhesive thicknesses are summarised in Figure 4.21. These

show that the perpendicular to loading direction displacements (x) are small compared
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Fig. 4.19 Results of the TSL model (solid lines) and experiments (shaded area) for titanium-
titanium adhesive joints characterised under quasi-static, medium-rate and high-rate loadings.
Results are shown for; (a) ta= 0.1 mm, (b) ta= 0.3 mm, and (c) ta= 0.5 mm in mode I; and
(d) ta= 0.1 mm, (e) ta= 0.3 mm, and (f) ta= 0.5 mm in mode II.
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Fig. 4.20 Determination of the experimental boundary conditions for the simulation of mixed-
mode experiments.

to the loading direction displacements (y).

Figure 4.22 represents the model results as solid lines whereas the experiments are

shown as shaded areas. Overall, the model provides a good representation of the mixed-

mode behaviour of the adhesive. However, for the thinnest bondline, ta= 0.1 mm, the

model deviates more noticeably than for other thicknesses. Particularly regarding the

displacement behaviour observed at the highest and at the lowest loading rate. Similar

observations were reported for mode I results in Figure 4.19. For an adhesive thickness

of 0.3 mm the model represents the observed behaviour of the adhesive interfaces very

well, while for the thickness of 0.5 mm the deviation between model and experiment

increases.

The developed model serves as a good representation of experiments with mixed-

mode behaviour. Therefore, it is fair to conclude that the presented model can be

used to model complex bonded structures. Because the traction-separation law was
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Fig. 4.21 Experimentally obtained relative displacements for a) quasi-static, b) medium-rate
and c) high-rate loading regimes for three investigated adhesive thicknesses.

defined as a function of the bond thickness (this is a state variable), the model may

be used to simulate the performance of bonded structures with local differences on the

thickness of the bonding interface. Moreover, due to the unified nature of the constitutive

law, the same model can be applied over a wide range of loading rates and fracture

modes. Finally, the model includes the effect of initial porosity on the performance of

the adhesive interface which has been proved experimentally to have an effect on the

mechanical ability of the interface.
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Fig. 4.22 Comparison of the model (solid line) against the experimental results (shaded area)
for a thickness of: (a) ta= 0.1 mm, (b) ta= 0.3 mm and (c) ta= 0.5 mm in mixed-mode.

4.6 Conclusions

The following conclusions can be drawn from this Chapter:

1. The mechanical response of a titanium-titanium alloy bond using the film adhesive

AF 163-2OST has been characterised using uniaxial tensile testing. Experiments

reveal a significant dependence on the deformation rate, the adhesive interface

thickness, and the mode of loading.

2. Micro-structural assessment and computed tomography describe the initial pres-

ence of voids in the adhesive. These are believed to negatively influence the me-

chanical performance of the bond. Void volume fraction measurements at different
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thicknesses demonstrate the absence of a representative volume element in both

mode I, mode II, and mixed-mode specimens. Their presence is confirmed via

post-mortem fractography.

3. 3D fractography measurements prove the existence of cohesive failure at all loading

rates and thicknesses for each fracture mode experimented. This observation allows

one to employ cohesive zone models to represent adhesive performance.

4. A cohesive zone model that describes the observed constitutive response of the

adhesive interface in form of a traction separation law is formulated. The model is

usable over the whole range of deformation rates and fracture modes experimented.

Moreover, the model includes the effect of the bondline thickness and porosity on

mechanical performance.

5. The flexibility of the unified experimental and modelling framework is proven by

performing mixed-mode experiments and posterior simulations. This framework

offers a simple and versatile tool to measure and model adhesives. The modified

cohesive zone model shows its suitability to predict the behaviour of adhesive bond

structures under various fracture modes, loading rates, and bondline thicknesses.
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Chapter 5

On the dynamic response of

adhesively bonded metallic

structures

5.1 Introduction

Adhesive joints and their understanding of the failure performance for each material

individually is key for establishing failure design and criteria for hybrid structures. The

fracture energy is a material parameter of paramount importance for the optimal design

of these structures. Accurate experimentation is critical in the identification of the failure

sequence of adhesively bonded structures. However, most of the experimental methods

available in the literature lack accuracy – particularly when high strain rates and impact

events are involved [97].

Most methods for deriving the fracture energy were developed with quasi-static ob-

servations in mind. However, adhesively bonded structures are also subjected to dynamic
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loading. In those cases, one requires understanding of the performance of the adhesive

in rate-dependent environments. Few investigations have focussed on understanding the

fracture energy behaviour as a function of the loading rate [108, 109, 206, 207]. Isakov et

al. used wedge DCB experiments (WDCB) to obtain the fracture energy by measuring

the compliance [108]. Others have employed strain gauges attached to the beam to cal-

culate the force over the bending strain [207], thus allowing the use of classical methods

to obtain the fracture energy. For ENF experiments, researchers have measured the

fracture energy by extracting the force from the strain gauge data and the displace-

ment using high-speed cameras in the Split Hopkinson bar [109, 206]. However, signal

filtering is required in order to obtain a suitable force-displacement response to derive

the fracture energy. Moreover, the calculation of the fracture energy under dynamic

loading employing the aforementioned techniques needs careful consideration. Dynamic

effects such as inertia and oscillation of the beams should be considered – if those are

not negligible, the measurements may lack accuracy.

With the above in mind, this Chapter presents a new method to identify the mechan-

ical performance of the adhesive interface dependent on rate and mode of fracture. First,

quasi-static and high-rate experiments for three different fracture modes (WDCB, ENF

and SLB) are carried out to quantify the adhesive behaviour. Second, a new measure-

ment technique is employed to derive the high-rate force-displacement curves. Third,

the quasi-static measurements are compared to traditional analyses, thus validating the

new approach. Finally, the quasi-static and high-rate experiments are simulated using

a finite element methods. The models employ a cohesive zone model developed previ-

ously in Chapter 4. Experimental results are used to validate the cohesive zone model

and to compare; (i) the ability of the model to predict failure; and (ii) the validity of

the developed experimental technique to measure adhesively bonded structures under

different rate- and mode-dependent environments.
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5.2 Background

Many researchers have investigated different ways to measure the fracture energy of

adhesive interfaces using fracture mechanical experiments under different fracture modes

[86–88, 92, 96]. The double cantilever beam (DCB) is generally used to investigate the

mechanical performance of the adhesive interface normal to its surface [59, 86–91], while

the end notched flexure (ENF) resolves the adhesive’s response tangential to its surface

[88, 92–95]. The single leg beam (SLB) is usually employed to reveal the adhesive’s

mechanical performance under more complex stress states [88, 96]. The DCB is believed

to be of more relevant practical importance, but in practice, a pure fracture mode does

not exist. All of these methods have one thing in common: one needs to measure the

crack length during the failure process to calculate the fracture energy by means of beam

theory. For this, several approaches have been developed: (i) measuring the crack length

directly by crack length monitoring [86, 89, 185, 208, 209] or (ii) estimating the crack

length by measurement of the compliance [95, 210–212]. However, the calculation of the

fracture energy is challenging when relying upon monitoring of the crack length.

Unfortunately, a few studies [145, 213–215] have experienced unstable crack propa-

gation which prevents a clear observation of the crack tip. Moreover, clear visibility of

the crack is difficult for certain adhesives. This can have a non-negligible effect on the

compliance derived from the crack length in the classic compliance calibrated method

(CCM) [216]. Also, when using ductile adhesive systems, the energy dissipated at the

fracture process zone (FPZ) can be large [94] – this can influence the accuracy of the

results. The calculation of the fracture energy – based on beam theory – is underesti-

mated when the aforementioned effects are ignored. Thus, improved approaches have

been developed to correct the calculation, for example by the use of direct beam theory

(DBT) [217] or corrected beam theory (CBT) [218]. However, those methods also rely
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upon the accurate measurement of the crack length – this is challenging, even more so

at high strain rates. De Moura et al. introduced the compliance based beam method

(CBBM) [95] to avoid the need to measure the actual crack length propagation. This

approach relies entirely upon the compliance performance during the failure process.

This method considers the FPZ which is formed due to multiple micro-crack nucleations

within the adhesive thickness and plastification of the adhesive. Using this approach,

the dissipated energy in the FPZ of ductile adhesives is considered in the final result

of the fracture energy. Other researchers based their crack length measurement on dig-

ital image correlation (DIC) recordings to avoid the difficult crack length monitoring

[219, 220].

For the calculation of the force-displacement responses of WDCB, ENF and SLB

specimens the CBBM is considered to account for the FPZ. Using the CBBM approach,

a direct measurement of the crack length is not required. Based on simple beam theory

and Timoshenko beam theory, the mathematical relationships necessary for calculating

the compliance can be derived. Therefore one only needs to monitor the applied load

and displacement during the experiment. The following equations are used for the new

analysis method and are here presented and summarised for reader’s convenience. Figure

5.1 provides an overview of the orientation and nomenclature used for generating the

Fig. 5.1 Graphical illustration of the used orientation and nomenclature used to derive the
mathematical relationships.
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mathematical relationships for each specimen configuration.

Based on simple beam theory (SBT) and considering Timoshenko beam theory –

to account for shear effects – the strain energy Π for the WDCB experiments can be

deduced from

Π = 2
[∫ a

0

M2

2EI
dx +

∫ a

0

∫ h
2

− h
2

τ 2

2G
bdzdx

]
(5.1)

where M is the bending moment, h is the thickness, E is the Young’s modulus, G is the

shear modulus of the adherent, I is the second moment of inertia, and τ is the shear

stress which is determined following,

τ = 3
2

V

bh

(
1 − y2

c2

)
(5.2)

where V is the shear force, and c = h/2. Using the Castelgiano theorem following,

u = dΠ
dF

(5.3)

where u is the displacement, and F is the vertical force, the WDCB compliance can be

calculated employing

F (u) = u

C
(5.4)

and

C(a) = 8a3

Ebh3 + 12a

5bhG
(5.5)

where G is the shear modulus of the adherent. For the ENF and SLB specimens, the

strain energy Π can be written as

Π =
∫ 2L

0

M2

2EI
dx +

∫ 2L

0

∫ h

−h

τ 2

2G
bdzdx. (5.6)

Thus, the compliance C for the ENF [95] and SLB [96] experiments can be obtained
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using

C(a) = 3a3 + 2L3

8bh3E
+ 3L

10bhG
(5.7)

and

C(a) = 28a3 + L3

32Ebh3 + 3(a + L)
20Gbh

(5.8)

respectively, where E is the Young’s modulus, b the specimen width, h the adherents

thickness, G the shear modulus, a the crack length and L the characteristic specimen

length.

Finally, the applied force is achieved using Eq. 5.4 and considering that C involves

the total compliance of both adherents. The force, displacement and crack length results

can then be utilised to generate the fracture energy for each fracture mode. Although,

the intention of this Chapter is to provide force-displacement data sets for quasi-static

and high-rate loading regimes in order to prove the validity of a cohesive zone model

developed, the equations for the fracture energy are provided for further comparison.

The fracture energy for the WDCB experiments, GIc, can be calculated using [221],

GIc(a, F ) = 12a2

Eh3b2 F 2 + F

b
(w′

1 − w
′

2) (5.9)

where w
′
1 and w

′
2 are the beam rotations.

The fracture energy, GIIc, for the ENF specimens was obtained using the approach

of the equivalent crack length ae [95]. The quasi-static measurements ae is calculated as

ae =
[

Cc

C0c

a3
0 + 2

3

(
Cc

C0c

− 1
)

L3
] 1

3
(5.10)

with

Cc = C − 3L

10bhG
and C0c = C0 − 3L

10bhG
. (5.11)
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The fracture energy can then be fully described using the flexural modulus Ef . Ef is

calculated following,

Ef = 3a3
0 + 2L3

8bh3

(
C0 − 3L

10bhG

)−1
. (5.12)

The flexure modulus can then be employed to calculate the fracture energy following,

GIIc(ae, F ) = 9F 2a2
e

16b2h3Ef
. (5.13)

Accordingly, the fracture energy for the SLB configuration, GI/IIc, can be calculated

using

GI/IIc(a, F ) = 21F 2a2

16Efb2h3 + 3F 2

10Gb2h
(5.14)

while the normal and tangential components are described following

GIc(a, F ) = 12F 2a2

16Efb2h3 + 3F 2

10Gb2h
(5.15)

and

GIIc(a, F ) = 9F 2a2

16Efb2h3 (5.16)

respectively. The SLB fracture energy is then fully defined for the quasi-static loading

case using Eq. 5.4 and 5.14.

5.3 Experimental methods

5.3.1 Adherent and adhesive materials

The thermosetting epoxy film adhesive AF 163-2OST from Scotch-WeldTM was used to

bond two titanium alloy Ti–6Al–4V adherents. Different sample geometries were de-
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Fig. 5.2 Graphical illustration of the WDCB, ENF and SLB adhesive joint fracture specimens.

signed and manufactured to measure fracture properties under three different fracture

modes: The wedge double cantilever beam (WDCB) specimen was used to study the

mechanical performance of the adhesive interface when loaded normal to the adhesive

surface (mode I). The shear behaviour (mode II) was experimentally studied with the

end notched flexure (ENF) specimen, while a combination of both modes (I/II) was

investigated using the single leg beam (SLB) specimen. The optimum specimen dimen-

sions have been determined to ensure the specimens ability to reveal the mechanical

performance of the adhesive interface under Split Hopkinson Bar loading without inter-

ference in the form of plastic deformation of the adherents. Hence, the beam length is

L = 146 mm, the width is b = 20 mm and the height is h = 4mm. Considering the

relationship [111]

a0,cr = 0.35 · L (5.17)

the critical initial crack length for stable crack propagation is a0,cr = 23.8 mm. Therefore,

the initial crack length for the WDCB specimens are defined as a0 = 30 mm, while

for ENF and SLB specimens it is a0 = 34 mm. The dimensions for each specimen

configuration are shown in Figure 5.2.

129



5.3 Experimental methods

Fig. 5.3 a) The bonding fixture used to manufacture the test specimens and b) the bondline
thickness values obtained for the different test specimens. (Nominal values was 0.25 mm)

5.3.2 Specimen manufacturing and preparation

Figure 5.3(a) shows a custom made bonding fixture which was designed to accurately

manufacture the specimens. Spacers were used to obtain the desired interface thickness.

Bonding requires the activation of the adherent’s surface to obtain optimal properties.

Thus, the to-be-bonded surfaces were grit-blasted, cleaned and anodised following the

procedure described elsewhere [12]. To introduce the crack length, a 12.0 µm thick

Teflon sheet was introduced between two layers of film adhesive. The measured interface

thickness of the manufactured specimens is reported for each fracture mode in Figure

5.3(b). A deviation of 3.8 %, 2.3 % and 2.7 % for the WDCB , ENF and SLB specimens

from the nominal adhesive thickness of ta = 0.25 mm was observed.

5.3.3 Experimental setup

The quasi-static (QS) and high-rate (HR) experiments were performed in laboratory

conditions. A screw-driven Zwick machine was employed to load the specimens quasi-

statically with a constant cross-head velocity of v = 1 mm/min. The load-displacement
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(F − u) curve was recorded during the experiment. A standard camera recorded images

of the tested specimen at a speed of two frames per second at a resolution of 1546 x

2152 pixels. A fine gray-scale speckle pattern was applied to the surface of the specimen

to monitor the crack length using digital image correlation (DIC). The initial crack

length was marked with a ruler as it is shown in Figure 5.4. The HR experiments were

carried out using a Split Hopkinson Pressure Bar (SHPB) to subject the specimen to

a velocity of v = 4 m/s. The SHPB setup for WDCB, ENF and SLB experiments is

different. While the setup for the WDCB specimens consists traditionally of an input

and output bar and a striker, the output bar in the setup for ENF and SLB specimens

is replaced with an in-house-made fixture holding the specimen in place – see Figure

5.4. The diameter of the input and output bars is d = 16mm, while the length of the

bars was LbInput = 2500 mm and LbOutput = 3000 mm. The striker had a length of Ls

= 2700 mm with the same diameter as the input and output bars. Figure 5.5 shows the

dimensions and the setup of the used SHPB. Images were recorded using two high-speed

cameras: a Photron camera recorded the displacement of the loading wedge/ pin with

150,000 frames per second and a resolution of 716 x 624 pixels, while a Special imaging

Kirana camera monitored the crack length growth at 200,000 frames per second with a

resolution 924 x 768 pixels.

For both loading regimes, the supports and loading pin for the ENF and SLB exper-

iments are manufactured with a rounded tip and a radius of r = 2.5 mm. The wedge

for the WDCB experiments is designed so that a sharp tip with an angle of α = 30◦ is

achieved. The bars and striker were made out of titanium alloy Ti–6Al–4V while the

supports were made using stainless steel. Table 5.1 summarises the mechanical prop-

erties for the two alloys. Figure 5.4 summarises the difference in the setup for each

specimen configuration.
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Fig. 5.4 Quasi-static and high-rate experimental setups for the three different fracture speci-
mens WDCB, ENF and SLB.

5.3.4 Data acquisition method

For calculating the fracture energy, one needs to measure the force and the crack length

propagation during the failure process. Generally, the force-displacement curves ob-

tained using standard equipment – i.e. testing machine output and DIC – are sufficient

to obtain the G value. The CBBM method can be applied to the quasi-static ENF

and SLB experiment data. However, the quasi-static force recordings of the WDCB

Table 5.1 Material properties of adherents, bars, striker and supports.

Metal E (GPa) ρ (g/cm3) ν σy (MPa)
Ti–6Al–4V 114 4.43 0.34 900
Steel 200 8 0.29 -
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Fig. 5.5 Schematics of the SHPB setup for (a) WDCB specimens and (b) ENF and SLB
specimens.

specimens are influenced by the friction between the wedge and the adherents: a trans-

formation of the force in its perpendicular components – the actual opening force – would

need to consider those frictional effects. This introduces some uncertainties that would

influence the accuracy of the results. Additionally, high-rate force readings obtained from

strain gauge signals may not be accurate due to oscillations and inertia effects encoun-

tered during loading. The measured forces would require smoothing and filtering – this

may mask the true mechanical performance of the joint. To overcome these limitations,

a new measurement technique was developed. This technique overcomes the aforemen-

tioned challenges by exclusively relying upon digital image correlation (DIC). Figure 5.6

illustrates the newly developed measurement technique. The method is described in the

following paragraph.

The force F was calculated using the applied displacement u and the compliance C

of the adherents using Eq. 5.4. The calculation of the compliance requires the crack

length a – or a sufficiently high-resolution image. Therefore, this novel method relies
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Fig. 5.6 The strategy shows the calculation of the force-displacement curve using a new
measurement technique relying entirely on DIC.

upon measuring the applied displacement and the crack length using DIC. Firstly, a

measurement position, which is represented as a red dot in Figure 5.6, is selected. Using

this, the displacement is obtained as a function of the time. Secondly, the crack length is
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estimated. A region of interest (ROI) is defined which includes the initial crack length.

These are shown as black lines in Figure 5.6. Thirdly, the stored displacement histories

are then used to indicate the crack length propagation for each time step. For that,

two points in the x-direction (which is aligned to the specimen width) are employed.

These points are positioned on each substrate close to the adhesive interface. The sets

of points act as virtual gauges which are used to obtain the opening displacement in

the x-direction ∆u (for WDCB) and in the y-direction ∆v (for ENF and SLB) for

each point-position. For ductile materials, a threshold is required to define the opening

displacement in order to consider the influence of the FPZ. This can be obtained by

measuring the opening displacement of the first crack propagation increment which is

visible using the displacement field in the image analysis. The following relationship is

defined to identify when displacements are larger than the threshold at the nth position:

∆u(y=yn)(t=ts) ≥ ∆uThreshold and ∆v(y=yn)(t=ts) ≥ ∆vThreshold. (5.18)

When the threshold is reached, the distance of yn can be used to derive the crack length

a at time ts following

at=ts = a0 + yn(t=ts) . (5.19)

By deriving the crack length as a function of time, the compliance of the joint can be

calculated. Table 5.2 summarises the employed equations and measurement techniques

for each loading regime separately. Using the new data acquisition method to obtain

the compliance, the applied force is then calculated considering Eq. 5.4. Thus, the

force-displacement behaviour and the fracture energy-crack length relationship are fully

described.
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5.4 Experimental results

This section quantifies and discusses the rate- and mode-dependent behaviour of ad-

hesively bonded structures. First, the new experimental methodology is verified by

comparing different measurement techniques. Second, the mechanical behaviour – as

measured by the novel experimentation – of the adhesively bonded structures is pre-

sented. Third, fractography is used to isolate the nature of the fracture mode.

5.4.1 Verification of the new data acquisition method

Before the new measurement technique can be applied, it is necessary to verify its accu-

racy. This will add confidence to the obtained results. For this purpose, a verification

process is proposed in Figure 5.7. This will measure the precision of the generated

quasi-static and high-rate experimental results. The verification process employs the

Fig. 5.7 The new measurement technique is verified for the quasi-static and dynamical loading
regime following this verification process.
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force-displacement results of an ENF experiment. In a standard fashion, the force is

obtained from the testing machine readings while the displacement is measured via DIC

– these will be used as the benchmark. If the force-displacement readings generated with

the new method match these benchmarks, the newly developed measurement technique

is assumed verified and therefore valid for the measurement of both quasi-static and

dynamic loading regimes.

However, these standard equations – which were developed for quasi-static loading

conditions based on the simple beam theory (SBT) – need also to be proven in a high-

rate loading regime. This is accomplished by focusing on the deflection of an adherent

arm and by the determination of characteristic times. The compliance of one adherent

arm of a WDCB experiment is calculated both for the quasi-static and the dynamic

loading case – see Figure 5.8. When a match between both loading regimes is achieved,

one can assume that the equations derived from QS equilibrium are valid for high-rate

analysis since the adherent arms show a rate-independent mechanical performance.

For the experiments one needs to calculate the characteristic times of the structures

explained in detail by Delvare et al. [222]. These characteristics times can be defined

Fig. 5.8 The new measurement technique is verified by a) the comparison of experimental
ENF results calculated using standard and new method and b) the quasi-static and high-rate
deflection results of a WDCB specimen.
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as: (i) reference time, TR, (ii) characteristic time, TT and (iii) support reaction time,

TC. TR is the effective duration of the test and corresponds to the elapsed time when

the incident wave reaches the specimen and the fracture of the specimen. TT represents

the first response of the beam – which is defined by the duration of a round trip of the

elastic wave, c, across the width of the specimen h, following,

TT = 2h + ta

c
(5.20)

where ta is the thickness of the adhesive. Finally, TC is related to the duration of the

wave travelling from the impact location to the end of the specimen and back – this is

described following,

TC = L

c
. (5.21)

where L is the characteristic length of the specimen.

With a rough estimation of the characteristic times, it is possible to identify whether

the experiments are in equilibrium. If it can be assumed that the specimens are in a

dynamic equilibrium, the standard equations in Section 5.2 and summarised in Table

5.2 are applicable. This would mean that the supports are aware of each other existence

and that the force of the impactor (loading pin) is twice the force of the supports.

ENF experiments performed under QS conditions are analysed using the standard

and the new measuring technique. Figure 5.8(a) compares the force-displacement results

recorded directly from the testing apparatus against the force-displacement extracted

using DIC exclusively. Both force-displacement curves are in excellent agreement and

shows the ability of the new method to capture the failure point with precision. This

verifies the new method for high-rate experiments – if one assumes that the elastic de-

formation of the adherents is rate independent. This is supported by Figure 5.8(b),

which shows that the adherents’ compliance of a WDCB specimen is rate independent:
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the deflection of one beam in QS (black lines) and HR (blue lines) are obtained and

compared with each other. No major deviation is observed. Additionally, the character-

istic times reveal that the reference time (TR = 500 µs) is large enough when compared

to TT and TC (1.46 µs and 23 µs respectively). Therefore, one may consider that the

HR experiments exhibit a dynamic equilibrium, thus allowing the use of the standard

equations for calculating the necessary fracture parameters.

5.4.2 Experimental results: WDCB, ENF, and SLB

The results for the three investigated fracture modes experimented under QS and HR

are summarised in Figure 5.9. The quasi-static force results for the WDCB experiments

have a mean fracture force of F = 983 N with a standard deviation of s = 6.8 %. On the

other hand, the QS ENF experiments result in a mean fracture force of F = 4018 N with

a standard deviation of s = 6.6 %. For the same loading regime, the SLB experiments

show a mean fracture force of F = 2071 with s = 8.2 %. As expected the mixed-mode

experiment results represented by SLB specimens are larger than the mode I values

(represented by WDCB specimens) but smaller than the mode II results (represented

by the ENF specimens).

Accordingly, HR results of the WDCB experiments show a mean fracture force of F

= 540 N with s = 16.8 %, while the ENF experiments result in a mean fracture force of

F = 2927.5 N with s = 13.4 %. Also, the HR SLB experiment values of F = 1486 N and

s = 7.9 % are larger than the HR WDCB ones but smaller than the HR ENF values.

The standard deviation up to s = 16 % can be explained with the composition of the

adhesive interface. Voids and imperfections within the adhesive interface are believed

to cause scatter in mechanical performance. A negative rate-dependency of the force-

displacement curves follow previous observations: the dissipated energy of the adhesive
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Fig. 5.9 Rate-dependent force-displacement results for the three investigated fracture modes:
a) WDCB, b) ENF and c) SLB.

tends to decrease with an increase of deformation rate.

5.4.3 Rate-dependent fracture energy

This subsection quantifies the fracture energy, Gc, as a function of the different fracture

modes and loading rates.

Employing Eqs. 5.9, 5.13 and 5.14 the fracture energy for each fracture mode and

loading regime is calculated and presented in Figure 5.10. HR fracture energies for

each different fracture mode are lower than the obtained values in the QS regime. The

relevant values of fracture energy and standard deviations are summarised in Table
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Fig. 5.10 Rate-dependent fracture energy-crack length results for the three investigated frac-
ture modes: a) WDCB, b) ENF and c) SLB.

5.3. It is shown that the QS measured fracture energies are within the trend of the

results investigated by Alvarez [12] using similar methods as shown in Figure 5.11. One

should note that the results from [12] were obtained using different adhesive thicknesses

and specimen geometries than the current study. Moreover, Figure 5.11 also compares

the measured values of this study against those measured using butt joint, single lap

Table 5.3 Mean value and standard deviation of the fracture energy, Gc (N/mm), for QS and
HR regimes, and the three different fracture modes.

Rate WDCB ENF SLB
QS 3.68 ± 0.53 8.40 ± 1.20 3.83 ± 0.40
HR 1.43 ± 0.25 4.50 ± 0.36 1.50 ± 0.26
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Fig. 5.11 Fracture energy (dissipated energy) comparison between results obtained in the
present study and results found in the literature.

joint and scarf joint experiments explained in Chapter 4. The difference between these

characterisation experiments and the fracture mechanics experiments are rationalised in

a later section.

Finally, a rate dependent failure envelope using the measured fracture energies is

generated and presented in Figure 5.12. Based on the Benzeggagh-Kenan (BK) and

power law criterion, the relationship between the modes of failure can be obtained for

both QS and HR regimes. This failure envelope enables design engineers to interpolate

the measured fracture behaviour in the most appropriate loading conditions.

5.4.4 Fractography analysis: on the nature of failure

In order to assure that the measured fracture energies belong to the adhesive inter-

face, it was necessary to study in detail the fracture surface of the experimented spec-

imens. Thus, the fractured surfaces of representative specimens were investigated with

a 3D optical microscope (Alicona). The profilometer allows one to reconstruct three-

dimensionally and with great precision the fracture surface of the samples. Figure 5.13
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Fig. 5.12 The failure envelope of the AF 163-2OST adhesive interface using rate-dependent
experiments of WDCB (mode I), ENF (mode II) and SLB (Mixed-mode).

shows optical micro-graphs for each fracture mode and loading rate. Moreover, the pro-

file height of each surface was measured in order to determine whether cohesive failure

within the adhesive interface or adhesion failure at the interface between adherent and

adhesive occurred. The profile lines presented in Figure 5.13 show average heights of

approximately 0.15 to 0.20 mm. Given that the adhesive measures approximately 0.25

mm in thickness, it is reasonable to believe that cohesive failure is dominant. The optical

micro-graphs also reveal the presence of adhesive at both sides of the specimen. More-

over, optical analysis also reveals the existence of voids and carrier fibres. These have

been considered previously in Chapter 4 as important features that contribute to the

failure behaviour of the adhesive interface. Finally, the higher fracture energy observed

in ENF specimens is believed due to multiple micro-crack creation ahead the crack tip,

subsequent coalescence, and increase in friction of the surfaces resulting in additional

energy absorption.
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5.5 Numerical method

5.5 Numerical method

One of the objectives of this Chapter is to employ fracture mechanic experiments to

validate a cohesive zone model (CZM) – which was calibrated using butt joint, single lap

joint and scarf joint experiments in Chapter 4 (also named characterisation experiments

from here onwards). These kind of models are often used in finite element analysis to

simulate and predict the behaviour of complex adhesively bonded structures. Figure 5.14

demonstrates the process which has been followed to prove the models ability to predict

failure. This section also details the setup of the finite element models developed for the

Fig. 5.14 Process for the accuracy assessment of the developed CZM.
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WDCB, ENF, and SLB experiments (also named fracture mechanics experiments from

here onwards). The behaviour of the adhesive employed has been previously measured

and modelled in the form of a CZM in the previous Chapter 4.

5.5.1 Summary of the material model of the adhesive interface

The CZM for the considered adhesive is summarised in Table 5.4 and 5.5. The rate-

dependent formulations for the strength, the dissipated energy and the plateau ratio are

represented by Table 5.4. The mathematical description of the material model and its

relevant shape parameters are presented in Table 5.5. Finally, the material parameters

of the AF 163-2OST adhesive are summarised in Table 5.6. Detailed information are

found in Chapter 4.4.

Table 5.4 Overview of adhesive material model.

Mode I

Strength, T TN(ε̇N, fv) =
[
TrefN + T0Nln

(
ε̇N
ε̇ref

)]
(1 − fv)

Dissipated energy, Gc GcN(ε̇N, fv) =
[
GrefN − G0Nln

(
ε̇N
ε̇ref

)]
(1 − fv)(1 − t0

ta
)

Plateau ratio, P PN(ε̇N) = PrefN
(

ε̇N
ε̇ref

)pN

Mode II

Strength, T TS(ε̇S, fv) =
[
TrefS + T0Sln

(
ε̇S

ε̇ref

)]
(1 − fv)

Dissipated energy, Gc GcS(ε̇S, fv) =
[
GrefS − G0Sln

(
ε̇S

ε̇ref

)]
(1 − fv)(1 − t0

ta
)

Plateau ratio, P PS(ε̇S) = PrefS
(

ε̇S
ε̇ref

)pS
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5.5 Numerical method

Table 5.6 Material model properties for the AF 163-2OST adhesive.

E(MPa) G(MPa) TrefN(MPa) T0N GrefN(N/mm) G0N PrefN

2000 220 38.00 1.90 5.6 0.23 0.65
pN γN TrefS(MPa) T0S GrefS(N/mm) G0S PrefS

-0.01 1.00 36.00 1.80 13.65 0.25 0.80
pS γS fvref fv0 t0

-0.03 0.85 0.54 0.02 0.038

5.5.2 Numerical setup

Simulations of the investigated fracture modes were performed to validate the CZM

developed previously in Chapter 4 and summarised above. In order to validate the

CZM by comparing to the experiments, the same boundary and loading conditions must

be applied. The simulations were carried out in 3D using the finite element solver

Abaqus/Standard. C3D8 elements were used to discretise the Ti-Ti adherents which

were modelled using an isotropic linear-elastic material model. The adhesive interface

was modelled using 3D cohesive elements with 4 integration points by modelling the

adhesive thickness geometrically. Each specimen configuration modelled follows the

dimensions used in the experiments. For the boundary conditions, the end of the WDCB

specimen has been restricted in all the degrees of freedom (DOF). A friction coefficient

of 0.1 was chosen between the wedge and the specimen arms. This was verified by

comparing the experimental and numerically obtained wedge-force. Additionally, the

ENF and SLB experiments were modelled with a friction coefficient of 0.1 between the

specimen and the supports. The movement of the lower supports were restricted in all

DOF while the loading pin was restricted in all DOF apart from the loading direction.

The velocity was applied at the corresponding loading pin for the WDCB, ENF and

SLB experimental setups. The simulation setups are summarised in Figure 5.15.
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Fig. 5.15 The simulations for the WDCB, ENF and SLB experiments are constraint with the
shown boundary conditions.

5.6 Numerical results

The traction-separation behaviour of the model is illustrated in Figure 5.16 for different

rates and fracture modes. Both experimental results from previous characterisation

experimentation (Chapter 4) and CZM are shown. The goal is to use the fracture

mechanic results to validate the model. This validation process is critical, particularly

when one intends to use their interpolation capacity. Here, we use the newly developed

measuring technique to validate the adhesive CZM both under quasi-static and dynamic

loading regimes.

Figures 5.17, 5.18 and 5.19 compare the experimental and simulated behaviour of

the WDCB, ENF, and SLB tests respectively. Simulations show good agreement to the

experimental results – these are able to capture both the rate and the fracture mode

dependence of the fracture process. Additionally, the graphs show the displacement

field of experiments and models at different points during the fracture process – these
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5.6 Numerical results

Fig. 5.16 Representation of (a) the used terminology, (b) TSL for mode I, (c) TSL for mode
II and (d) TSL for mixed mode obtained in Chapter 4.

Fig. 5.17 Comparison of rate-dependent WDCB experimented and simulated force-
displacement results. Different force-displacement positions in numerical model and experi-
ments demonstrate a good representation of the experiments using the simulations.
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5.6 Numerical results

Fig. 5.18 Comparison of rate-dependent ENF experimented and simulated force-displacement
results. Different force-displacement positions in numerical model and experiments demon-
strate a good representation of the experiments using the simulations.

Fig. 5.19 Comparison of rate-dependent SLB experimented and simulated force-displacement
results. Different force-displacement positions in numerical model and experiments demon-
strate a good representation of the experiments using the simulations.

are highlighted accordingly in the force-displacement curves. It is observed that the

simulations slightly over-predict the experimental results. Nevertheless, it is reasonable

to believe that both are in good agreement. The deviation between the simulation and

the average experimental results in QS is 12.9 %, 13.0 % and 18.0 % while in HR it is

20.0 %, 18.0 % and 16.0 % for WDCB, ENF and SLB respectively. This over prediction

can be explained when comparing the fracture energy values for the characterisation and

152



5.6 Numerical results

fracture mechanics experiments in mode I and mode II loading. Figure 5.20 shows that

the model is overpredicting when comparing with the values of the fracture mechanics

experiments.

In order to quantify this difference, some simple inverse modelling is carried out.

It was found that lowering the reference values of the model dissipated energy greatly

improved the agreement between models and fracture mechanics experiments. The value

GrefN N/mm was reduced from 4.3 to 3 N/mm and the value for GrefS N/mm from

10.5 to 9 N/mm. Results are presented and compared in Figure 5.20. Simulations
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with reduced reference energies result in an improved prediction of the experimentally

obtained force-displacement curves for the WDCB, ENF and SLB experiments – these

are shown in Figure 5.21. These results prove that the characterisation experiments

are able to accurately capture the peak traction of the adhesive. In terms of energy

measurements, a difference between characterisation and fracture mechanics experiments

between 10 and 20 % is observed – depending on the fracture mode.

This over-prediction of the energy by the characterisation experiments might be due

to several reasons: (i) boundary edge effects existent in the characterisation experiments

but not in the fracture mechanics experiments (due to the miniaturised nature of the

characterisation experiments), (ii) small experimental measurement deviation in either of
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Fig. 5.21 Representation of the corrected model to predict the experimentally obtained force-
displacement curves for a) WDCB, b) ENF and c) SLB specimens.
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the experimental approaches, (iii) differences in thickness, (iv) differences in the surface

specimen preparation (fracture mechanics sample surfaces are much larger and difficult

to treat), (v) different amounts of porosity, (vi) additional failure mechanisms such as

fibre debonding or fibre pull-out which are not accounted for in the model or (vii) a

combination of all of the above. Nevertheless, these inconsistencies are small. The

results are useful in validating and improving the proposed cohesive zone model. The

modelling work also helps in assessing and reinforcing the new measurement technique

for dynamic fracture mechanic experiments. The technique is shown a simple and valid

manner to analyse high-rate experimentation of adhesively bonded structures.

5.7 Conclusions

This Chapter investigated the rate-dependent mechanics performance of fracture me-

chanics experiments in the form of the WDCB, ENF and SLB experiments by proposing

a new measuring technique valid for both quasi-static and dynamic experimentation.

Experimental results are then used to validate a CZM of the adhesive interface. The

following conclusion can be drawn from this work:

1. A novel measurement technique that can be used in dynamic environments is

developed. This relies entirely upon DIC, thus circumventing any dynamic effect

during experimentation. This method is successfully verified in the quasi-static and

high-rate loading regimes by comparing directly to standard measuring techniques

in QS and by comparing the compliance between QS and HR measurements.

2. This method is then used to measure the rate- and fracture-mode dependent

mechanical characteristics of a structural adhesive interface under QS and HR

regimes. Analysis reveals the maximum force and dissipated energy of the adhe-
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sive structures.

3. The experimental results for the three different modes of fracture mechanics ex-

periments revealed a negative rate-dependent behaviour for the force-displacement

curves – the fracture energy exhibited a decrease with increasing loading rate.

4. Fractography analysis showed that the adhesive fracture is predominantly cohesive

in nature. This gave further validity to the fracture energy results – it is reasonable

that these belong to the adhesive interface itself and not the interface between the

metal and the adhesive.

5. Numerical modelling of the experiments is used to validate a CZM of the adhesive.

This was previously characterised with smaller scale specimens. The simulated

results were able to predict the experiments accurately. The combination of small

scale experiments and large scale fracture mechanics experiments provide a flexible

and powerful framework for the study of adhesives loaded both quasi-statically and

dynamically.
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Chapter 6

Hybrid material adhesive joints and

their mechanical performance under

different deformation rates

6.1 Introduction

Lightweight structures can consist of dissimilar materials to take advantage of their

individual material characteristics beneficial for the application. However, the design

of structural applications requires accurate failure prediction of the adhesively bonded

joints. Several researchers have characterised the mechanical performance of hybrid ma-

terial combinations (particularly metal-to-composite) [129, 133, 223–226]. On one hand,

investigations reported the influence of adherent combinations on the joint strength

[227–229] while on the other hand, researchers examined the fracture energy, J , for dis-

similar material combinations [116–123]. Some researchers studied the bond behaviour

as a function of the adherent material properties and their combination with brittle and
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6.1 Introduction

ductile adhesives [129, 230]. Others considered dissimilar material joint combinations

targeting specific applications such as marine applications or bus structures [226, 231].

Most of these relied upon quasi-static experimentation to measure strength and fracture

energy.

However, many applications where weight reduction is critical are likely to be sub-

jected to various ranges of loading environments such as crash worthiness in automo-

tive, and hail or bird strike impacts on aerospace structures [97]. To the authors best

knowledge, there are only a few investigations which aim to understand the mechanical

behaviour of dissimilar material joints under those conditions [130–133]. These studies

relied upon the use of single lap joint (SLJ) and double lap joint (DLJ) experiments to

measure the performance under dynamic loading regimes. Although, adhesive joints are

normally designed to exhibit advantageous shear loading behaviour (mode II), their per-

formance in normal loading (mode I) remains critical. Moreover, both the bond strength

and the fracture energy can exhibit rate-dependent behaviour – this has been observed

both in metal-to-metal [89, 97, 98, 111] and composite-to-composite [93, 113–115] adhe-

sive joints.

Therefore, in order to accurately understand the mechanical performance of hybrid

material adhesive joints, it is necessary to investigate the behaviour of carbon fibre rein-

forced plastics (CFRP)-to-titanium adhesive joints under different fracture modes and

loading rates. This is the main focus of this Chapter. First, fracture mechanics ex-

periments in the form of wedge double cantilever beam (WDCB), end notched flexure

(ENF), and single leg bending (SLB) specimens are performed both quasi-statically and

dynamically. Second, microscopy analysis is carried out to understand the mechanisms

of fracture for each fracture mode. Third, experimental results for similar and dissimilar

material combinations (titanium-to-titanium and CFRP-to-titanium) are compared in

order to quantify the adherents’ material influence. Fourth, simulations of the experi-
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ments are performed using a material model developed for the adhesive layer. Finally,

experimental results are used to assess the material models’ ability to predict the fail-

ure phenomena of adhesively bonded structures with dissimilar materials in a rate and

fracture mode dependent manner.

6.2 Experimental methods

This section provides detailed information of the used materials. Also, the experimen-

tal setup for performing rate-dependent investigations is explained. Finally, the high-

resolution method employed to analyse the fracture mechanisms is explained.

6.2.1 Adherent materials

The composite panels were manufactured with CFRP IM7/8552 material system prepregs

provided by Hexcel. The metal parts (adherents, bars, striker) were made out of the

titanium alloy Ti–6Al–4V and the support were made out of stainless steel. The char-

acteristics for each adherent material are listed in Table 6.1 and 6.2. The listed K and

H parameters in Table 6.2 denote the arbitrary parameters of the fitting function de-

veloped by Hoffmann [181] to consider the rate-dependent behaviour of the composite.

This function is shown as follows,

κ = 1 + (Kε̇) 1
H (6.1)

Table 6.1 Material properties of adherents, bars, striker, and supports.

Metal E (GPa) ρ (g/cm3) ν σy (MPa)
Ti–6Al–4V 114 4.43 0.34 900
Steel 200 8 0.29 -
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Table 6.2 Material properties of the composite IM7/8552, [181].

QS K H
E11 162000 MPa - -
E22 9400 MPa 6.62E−6 4.73
E33 9400 MPa 6.62E−6 4.73
G12 4634 MPa 8.33E−4 2.29
G13 4634 MPa 8.33E−4 2.29
G23 5600 MPa - -
ν12 0.316 - -
ν13 0.316 - -
ν23 0.5 - -

where κ represents the scale factor for the relevant material properties of the composite

and ε̇ is the strain-rate associated with the appropriate fracture mode.

The specimens were designed to investigate three different fracture modes: the wedge

double cantilever beam (WDCB), the end notched flexure (ENF) and the single leg beam

(SLB) specimen. Figure 6.1 shows the specimen dimensions for each fracture mode.

From an application perspective, the composite is reinforced with titanium through

adhesive bonding. The specimens were loaded such that the metallic adherent deforms

first, followed by the composite adherent.

6.2.2 Carbon fibre reinforced plastic layup

Frequently the adhesive layer is the weakest link in an adhesive joint. Hence, both

adherents are required to have the same bending stiffness to obtain failure within the

adhesive interface. Therefore, the composite part in this investigation was designed so

that it has a similar flexure rigidity (EI) to the titanium part. This was achieved by

designing the ply layup accordingly: In the ABD matrix for quasi-isotropic layups, the
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Fig. 6.1 Specimen dimensions for each fracture mode configuration.

parameter D11 represents the bending stiffness which is here compared to the bending

stiffness of the titanium part calculated with

D11 = EI (6.2)

where E is the Young’s modulus of the titanium and I is the second moment of inertia.

The length, width and adherent thickness are the same for both material parts. Hence,

the flexure rigidity of the composite is D11 = 604395 MPa for a ply layup of [45/ −

45/0/0/45/0/0/0/0/0/ − 45/0/45/0/ − 45/0]s. As a comparison, the bending stiffness

of the titanium part is EI = 608000 MPa.

6.2.3 Specimen manufacture and materials

The accurate manufacturing of the specimens is performed by using the same custom

made bonding fixture for Ti-Ti adhesive joints explained in Chapter 5 and shown in

Figure 5.3(a). The surface treatment of the titanium parts is consistent throughout this

work. The composite parts were grit-blasted and then wiped clean. To introduce the

initial crack length, a 12.0 µm thick Teflon sheet was inserted between two layers of film
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Fig. 6.2 Representation of the adhesive thickness qualification for each fracture mode indi-
vidually.

adhesive. The measured interface thickness of the manufactured specimens is reported

for each fracture mode in Figure 6.2. A mean deviation of 5.96 %, 8.00 % and 7.40 %

for the WDCB , ENF and SLB specimens from the nominal adhesive thickness of ta =

0.25 mm was observed.

6.2.4 Experimental setup: QS and HR fracture mechanic ex-

periments

The quasi-static (QS) and high-rate (HR) experiments were performed in laboratory

conditions to obtain three repeatable test results. A screw-driven Zwick machine was

employed to load the specimens quasi-statically with a constant cross-head speed of v =

0.016 mm/s. The load-displacement (F − u) curve was recorded during the experiment.

A prism-based line Jai camera recorded images of the tested specimen at 2 frames per

second and a resolution of 1550 x 2150 pixels. A fine gray-scale speckle pattern was

applied to the surface of the specimen to monitor the crack length advancement using

digital image correlation (DIC). The initial crack length was marked with a ruler as it

is shown in Figure 6.3. The HR experiments were carried out using a Split Hopkinson
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Fig. 6.3 Graphical demonstration of (a) the experimental setup, (b) the quasi-static image
capturing and (c) the image tracking of loading pin and crack length for high-rate loadings.

Pressure Bar (SHPB) to subject the specimen to a velocity of v = 4000 mm/s. Images

were recorded using two high-speed cameras: a Photron camera recorded the displace-

ment of the loading wedge/ pin at 150,000 frames per second with a resolution of 716

x 624 pixels while a SI Kirana camera monitored the crack length growth at 200,000

frames per second with a resolution of 9244 x 768 pixels. Figure 6.3 shows the QS and

HR setup for each fracture mode respectively.
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6.2.5 Microstructural and fractography analysis

The analysis of the fractured surface was carried out to investigate the existence of

cohesive failure and to understand the failure phenomena of the composite and the

adhesive interface. For that, a 3D optical microscope (Alicona) was used to measure

the profile height of the fractured surfaces. Then, the specimens were prepared for

metallographic studies. The surfaces were gold-coated in order to make the surfaces

conductive for post-mortem SEM analysis. Measurements were taken using a Zeiss

EVO scanning electron microscope (SEM) to investigate the failure mechanisms for

each material independently.

6.3 Results and discussion

Rate-dependent experiments were performed for the three different fracture mode con-

figurations. Their results are used to understand the dependence of loading rate and

fracture mode on the mechanical performance of dissimilar adhesive joints. Microscopy

analyses of the fractured surfaces are used to investigate the fracture process. By com-

paring the here obtained results with experiments of similar material combinations, the

influence of the different adherent materials is quantified.

6.3.1 On the rate dependent behaviour of fracture mechanics

experiments

Experiments for three different fracture mode configurations (WDCB, ENF, SLB) were

performed under laboratory conditions. The force-displacement curves were obtained

using the data acquisition method described in Chapter 5.3.4.
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Figure 6.4 shows the experimental force-displacement curves for each tested condi-

tion. For the QS loading rate regime, the maximum force for WDCB experiments was

1001 ± 24.5 N, while for ENF experiments the maximum force was F = 4116.8 ± 47.9

N. The maximum force for SLB experiments was F = 1905.7 ± 31.3 N. The experiments

in HR loading rate regime exhibit a maximum force of F = 613.2 ± 12.2 N, F = 3150.8

± 496.6 N and F = 1183.4 ± 103.1 N for WDCB, ENF and SLB specimens respectively.

For all tested fracture mode configurations, the force decreases with increasing loading

rate. This is believed to be due to the decrease of fracture energy of the adhesive with

increasing loading which has been intensively observed in the previous Chapters. That

might be caused by the microstructural phenomena of the molecular structure of the ad-
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Fig. 6.4 Rate-dependent experimental results of CFRP-titanium adhesive joints for: (a)
WDCB, (b) ENF, and (c) SLB.
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Table 6.3 Fracture energy for WDCB, SLB and ENF experiments using CFRP-TI material
combination.

WDCB SLB ENF
QS 4.54 ± 1.04 N/mm 3.75 ± 0.35 N/mm 10.75 ± 0.48 N/mm
HR 2.26 ± 0.21 N/mm 0.75 ± 0.06 N/mm 3.93 ± 0.81 N/mm

hesive and the time which molecules need to re-orientate (Chapter 3.4.2, [160]). Using

the equations summarised in Table 5.2, it can be observed that the fracture energy Gc

decreases with increasing velocity. The fracture energy results for each fracture mode

and loading regime are presented in Table 6.3.

Two of the QS SLB experiments failed before reaching the maximum force and before

exhibiting ductile behaviour – see Figure 6.4(c). The corresponding specimens showed

delamination failure of the CFRP part which explains the sudden drop in force. This

may have occurred since not all of the excessive adhesive has been removed prior testing.

Therefore, the applied load may has been transmitted away from the adhesive into the

composite adherent. This is believed to have led to the delamination failure of the

composite adherent due to a complex stress state far from what the test intended.

Blackman et al. [102] provides another explanation of this phenomena. They related

this unstable crack growth to the higher transverse tensile stress generated in the mixed-

mode specimens.

6.3.2 Analysis of the fracture observations

The fracture surface was investigated to identify the mechanisms of failure. Firstly, it

is important to identify when cohesive fracture occurs so that one can confidently relate

the measured force-displacement behaviour and the calculated fracture energy to the

adhesive interface. Three-dimensional optical microscopy was applied to measure the
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profile height of the fractured samples. Figure 6.5 shows the profile height for each

fracture mode and loading condition. In the QS experiments, the adhesive interface

fractured in a cohesive manner: this is supported by the average measured profile height

of 0.14 mm. This is observed independently of the fracture modes. However, in HR,

only ENF experiments show cohesive failure of the adhesive interface. WDCB and SLB

experiments experienced failure within the CFRP.

Figures 6.6, 6.7, and 6.8 show SEM images of the fractured samples for WDCB, ENF

and SLB respectively. The following features are observed in all QS samples (numbers

Fig. 6.5 Profile height of representative fractured surfaces for the investigated fracture me-
chanics experiments.

167



6.3 Results and discussion

correlate with the areas highlighted in Figues 6.6, 6.7, and 6.8): voids (3), fibre pull-out

(4), fibre debonding from the matrix (5), hackles (6), cusps (7), fibre fracture (8), matrix

cracking (9) and traces of matrix rupture (10). Typical shear behaviour phenomena such

as hackles (6) and cusps (7) are more pronounced for ENF specimens – see Figure 6.7.

Micrographs for QS conditions presented in Figure 6.6 show that WDCB specimens

exhibit a change of fracture mode between the adhesive and the CFRP – see area (2) in

Figure 6.6. This boundary area suggests an initial crack propagation through the adhe-

sive until a certain applied transverse tensile stress of the composite matrix is reached.

Fig. 6.6 Micrographs of the failure surface of WDCB experiments under quasi-static (left)
and high-rate (right) loading rates.
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This enabled the crack to propagate into the composite, leading to delamination of the

full part – see Figure 6.6. Similar crack propagation phenomena is observed in QS SLB –

see the analogous micrographs presented in Figure 6.8. On the other hand, micrographs

in Figure 6.7 show that QS ENF experiments failed completely in a cohesive manner of

the adhesive interface.

In HR, only ENF experiments show a failure of the adhesive interface. The length

of cusps (7) lines suggests a difference in mechanism as a function of the loading rate:

the cusps lines in QS appear to be longer than in HR. This behaviour can be related

to the decrease of energy necessary to separate the two surfaces with increasing loading

rate. In HR WDCB, crack initiation was in the adhesive, but the crack immediately

propagated into the composite adherent leading to an interlaminar failure path. HR

Fig. 6.7 Micrographs of the failure surface of ENF experiments under quasi-static (left) and
high-rate (right) loading rates.
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SLB samples show complete fracture by delamination of the CFRP – see Figure 6.8.

6.3.3 Comparison of the fracture properties of adhesive and

CFRP

The different failure sequence of the adhesive joint in QS and HR loadings can be ex-

plained by comparing the individual rate-dependent fracture behaviour of the CFRP

and the adhesive. A failure envelope of the strength for both materials is presented in

Figure 6.9, where the CFRP’s envelope is based on Puck’s failure theory [232]. The inter

Fig. 6.8 Micrographs of the failure surface of SLB experiments under quasi-static (left) and
high-rate (right) loading rates.
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fibre failure (IFF) criterion for the 2D analysis is described following,
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where the reader is referred to Puck et al. [232] for the detailed explanation of all

parameters. The failure envelope for the adhesive was generated using the quadratic

criterion Eq. 4.15 in stress terms following,

(
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(
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)2
= 1 . (6.4)

The individual rate-dependent properties are provided in Chapter 4 and [181] for the

adhesive and the CFRP respectively so that Puck’s failure envelope is calculated for each

loading rate individually. The shear and normal stresses for the CFRP are represented
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Fig. 6.9 Shear-Normal behaviour representation of the rate-dependent failure envelope for the
CFRP and the adhesive interface individually.
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by the equivalent stresses in normal and shear direction. It is shown that the adhesive

indicates a more pronounced rate-dependency than the CFRP. Additionally, due to

the difference in thickness of the components (adhesive and CFRP plate), the adhesive

experiences a substantially higher strain rate than the CFRP. This means that under

dynamic loading conditions, the adhesive and the CFRP have a similar fracture stress

– see Figure 6.9. This is supported by the fracture observations: see for example the

thin fractured adhesive line in HR WDCB which is shown in Figure 6.6. Consequently,

the knowledge of the individual rate-dependent behaviour of CFRP and adhesive is of

utmost importance for understanding the failure sequence of hybrid material adhesive

joints.

6.3.4 Comparison of Ti-Ti and CFRP-Ti material combina-

tions in fracture mechanics experiments

In order to better understand the influence of the adherent materials on the mechanical

performance of the adhesive joint, experimental results of similar (Ti-Ti Chapter 5)

and dissimilar (CFRP-Ti) material combinations are compared. The results of this

comparison are presented in Figure 6.10 for QS (black) and HR (blue) loading regimes.

For QS conditions, Figure 6.10(a) shows that the average maximum forces for each

fracture mode are similar for both Ti-Ti and CFRP-Ti material combinations. Figure

6.10(b) shows that the stiffness of the dissimilar material combination appears to be

slightly lower than the similar material combination: CFRP-Ti shows a larger compli-

ance – which is the inverse of the stiffness. Although, the ply layup of the CFRP was

designed to match the flexure rigidity of the titanium, the bending stiffness is approxi-

mately 3607 MPa lower. This difference in flexure rigidity can explain the lower stiffness

of the CFRP.
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Fig. 6.10 Comparison of the quasi-static and high-rate a) maximum force, b) compliance and
c) fracture energy of similar (Ti-Ti) and dissimilar (CFRP-TI) adhesive joints for (a) WDCB,
(b) SLB and (c) ENF.

However, in HR, only WDCB and ENF experiments suggest similar failure behaviour

between Ti-Ti and CFRP-Ti material combinations. This is evidenced in the force and

in the fracture energy comparison graphs shown in Figure 6.10(a) and 6.10(c) respec-

tively and by considering the fracture micrographs in Figures 6.6 and 6.7. In contrast,

HR SLB experiments with a dissimilar material combination showed CFRP fracture in-

stead of failure within the adhesive interface – see Figure 6.8. This is suggested by the

lower force and fracture energy of the CFRP-Ti combination when compared to Ti-Ti

fracture experiments. The minor deviation of the force and fracture energy of HR SLB

experiments for both material combinations suggests that the failure stress of adhesive

and CFRP have been similar in the SLB experiments – as suggested in Figure 6.9.

Moreover, it is believed that the failure path occurred since the transverse stress of the

173



6.4 Numerical modelling of hybrid adhesively bonded structures

composite has been exceeded. Opposed to the QS mechanical performance – where the

adhesive interface is the weakest link independently of the adherent material of choice –

HR experiments reveal a dependency of the adherent material on the failure sequence.

6.4 Numerical modelling of hybrid adhesively bonded

structures

Simulations of the experiments are carried out to investigate the ability of a cohesive zone

model to simulate the failure process of a hybrid material adhesive joint. This CZM was

previous developed and validated in Chapter 4 and 5, respectively. This section provides

information about the finite element setup for the fracture mechanics experiments for

WDCB, ENF, and SLB specimens. Figure 6.11 demonstrates the method which has

been followed in order to achieve a reliable prediction of the failure performance.

6.4.1 Numerical setup: finite element analysis

For the simulation of the fracture mechanics experiments, finite element analsysis (FEA)

was employed. The FEA solver Abaqus/Standard was used to perform the simulations.

The adherents were discretised using C3D8 elements, while 3D cohesive elements with

4 integration points were used to model the adhesive interface. The numerical model of

each specimen configuration follows the same dimensions and boundary conditions used

in the experiments. The size of the mesh was 0.125 x 0.5 x 0.5 mm for the adherent

elements and 0.25 x 0.5 x 0.5 mm for the adhesive elements.

The titanium alloy adherents were modelled using an isotropic linear elastic mate-

rial model using the properties presented in Table 6.1. For the CFRP adherent, an
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6.4 Numerical modelling of hybrid adhesively bonded structures

Fig. 6.11 Overview of the numerical method for predicting the failure performance of dissimilar
material combinations.

orthotropic linear elastic material model has been defined using the engineering con-

stants presented in Table 6.2. The obtained stress values for the composites have been

evaluated with the Puck IFF criteria for matrix failure. The composite laminate was

modelled using one solid C3D8 element per ply through the thickness and the same ply

layup as described in Section 6.2.2. The adhesive interface has been modelled using the

material model developed and validated in Chapter 4 and 5 respectively.

To imitate the experimental boundary conditions, the end of the WDCB specimen is

restricted in all the degrees of freedom (DOF). A friction coefficient of 0.1 between the

wedge and the specimen arms was chosen. This was verified by comparing the experi-

mental and numerically obtained wedge displacement-force. Additionally, the movement

of the lower supports for ENF and SLB specimens was restricted in all DOF. The loading
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Fig. 6.12 Numerical results for the investigated fracture modes a) WDCB, b) ENF and c)
SLB.

pin was restricted in all DOF except for displacement in the direction of travel. The

same velocity employed in the fracture mechanics experimental setup was applied at the

corresponding loading pin.

6.4.2 Rationalisation of numerical results

The results of the numerical investigation in QS and HR loading regimes are presented in

Figure 6.12 for the three different fracture modes. The numerical results for the QS and

HR loading regimes show a good agreement with the experiments. It is believed that the

simulations of the experiments would provide a more detailed understanding of the failure

sequence if one introduces (i) a rate-dependent damage criteria in the CFRP, (ii) cohesive
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elements or other methods to model delamination or (iii) non-linear shear behaviour

[233–236]. Nevertheless, the simulations are in good agreement with the fractography

analysis and the force comparison of similar and dissimilar adherent materials. The

simulations corroborate the experimental observations: CFRP and adhesive interface

demonstrate a similar failure performance when loaded in HR and in mode-I dominated

environments.

To understand the individual contribution of each material individually (adhesive

and CFRP), the experimental rate-dependent failure envelope presented in Figure 6.9

is compared against modelled results. Figures 6.13, 6.14 and 6.15 compares the stress

histories of both adhesive and CFRP most critical element combinations with their

respective failure envelopes for the WDCB, ENF, and SLB experiments. Additionally,

the failure criteria for these critical elements are calculated using Eq. 6.3 for the CFRP

and using the quadratic yield criterion for the adhesive.

Numerical results for QS WDCB experiments are presented in Figure 6.13. One can

see that the adhesive interface reached its limit to failure while the CFRP is still at ap-

proximately 50% of its full mechanical capacity. This is supported by the experimental

observations – where the failure of the adhesive interface was evident as seen in the frac-

ture surface micrograph shown in Figure 6.6. On the other hand, numerical HR results

demonstrate the similar mechanical performance of CFRP and adhesive: stresses of both

materials are much closer to their respective failure limits. Considering the relatively

small difference in stress (5 MPa) and the inhomogeneous nature of the materials, it is

likely that the failure sequence is transferred from the adhesive to the CFRP – as shown

in Figure 6.6.

Figure 6.14 shows the predicted stresses for ENF simulations as a function of ma-

terial type and loading rate. In both loading regimes the predicted adhesive stresses

reached their corresponding failure limit before the CFRP – which is still well within
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Fig. 6.13 Representation of the rate-dependent performance of experimental and numerical
observations of adhesive and CFRP for WDCB.

its mechanical capacity for QS and HR loading regimes. Consequently, adhesive fail-

ure is numerically confirmed. This is in agreement with the fracture observations here

reported.

Analogously, Figure 6.15 presents the predicted stresses of adhesive and CFRP in

SLB simulations. SLB shows similar behaviour than the WDCB specimens: (i) in QS,

the adhesive approached its limit significantly before the CFRP, (ii) in HR, both the

CFRP and the adhesive reached their corresponding failure limits at similar times - the

stress difference for failure of adhesive and CFRP is relatively small (approximately 10

MPa). Hence, the failure can occur in both materials. This agrees with the experimental

observations which revealed full CFRP delamination under HR loading – see Figure 6.8.
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Fig. 6.14 Representation of the rate-dependent performance of experimental and numerical
observations of adhesive and CFRP for ENF.

Numerical simulations of the hybrid adhesive joint structures showed a good repro-

duction of the experimentally obtained results for different fracture modes and loading

rates. The simulations provided clarification on the failure sequence which was observed

through the fracture mechanics experiments and analysed via high-resolution fractogra-

phy. This proves the validity of the developed experimental and numerical framework

in measuring the most critical quantities related to the fracture of hybrid adhesively

bonded structures.
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Fig. 6.15 Representation of the rate-dependent performance of experimental and numerical
observations of adhesive and CFRP for SLB experiments.

6.5 Conclusions

The rate-dependent failure performance of hybrid material adhesive joints – a combina-

tion of CFRP and Ti-6Al-4V adherents – in the form of fracture mechanics experiments

(WDCB, ENF and SLB specimens) was investigated. Simulations of the performed ex-

periments were carried out to assess the ability of a CZM for the adhesive interface to

predict the experimental observed phenomena. The following conclusions can be drawn:

1. Experimental observations of the investigated fracture modes show a decrease of

fracture energy with increasing loading rate. Additionally, under QS conditions,

experiments exhibit failure of the adhesive interface. Under HR, only ENF exhibits
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the failure of the adhesive interface while WDCB and SLB specimens exhibited

CFRP damage.

2. Fracture analysis confirms cohesive failure independently of fracture modes in QS

and ENF mode under HR. HR WDCB exhibits a fracture transition from adhesive

interface damage to CFRP damage while HR SLB experiments exhibit exclusively

CFRP delamination.

3. The behaviour of CFRP-Ti material combination is compared to Ti-Ti: results

show similar behaviour independently of adherent material. CFRP-Ti exhibits

slightly lower maximum force, slightly higher compliance and similar fracture en-

ergy than Ti-Ti. SLB HR is the exception: CFRP-Ti shows significantly lower

maximum force and fracture energy due to CFRP failure.

4. The independent fracture properties of each material are used to explain the re-

sults. Under QS loading the adhesive exhibits significantly lower strength than

CFRP – thus failure of the adhesive interface in fracture mechanics experiments.

Under HR loading the maximum stresses of adhesive and CFRP are similar, thus

the increased chances of CFRP dominated fracture under certain fracture modes.

5. Numerical simulations of the fracture mechanics experiments – which include ma-

terial models for both adhesive and adherents – are able to accurately predict the

observed behaviour as a function of the fracture mode and the loading rate. Hence,

the material model of the adhesive has been constitutively validated.

6. Local stresses extracted from the simulations around the most critical locations

(adhesive and CFRP interface) are compared to the failure envelope of both ad-

hesive and CFRP. The analysis supports the experimental observations and ra-

tionalises the shift from adhesive-controlled failure under QS to CFRP-controlled

damage under HR conditions.
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7. The numerical analysis emphasises the importance of rate-dependent models for

both the adhesive and the CFRP in order to capture the observed experimental

findings.
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Chapter 7

Conclusions and future work

The work presented in this thesis provides a carefully crafted combination of experi-

ments and computational techniques for the study of the rate-dependent mechanical

performance of adhesively bonded interfaces.

First, a novel experimental method based on the principles of stress wave propaga-

tion is developed and successfully verified using experimental observations of Ti-6Al-4V

titanium alloy adhesive joints under fracture mode I. Moreover, the method allowed

the direct use of the experimentally obtained stress-displacement curves for creating

traction-separation curves. These were necessary for calibrating a simple model of the

adhesive interface with the cohesive zone model approach. High-resolution fractogra-

phy successfully verifies the homogeneous traction distribution throughout the adhesive

interface. This enabled the use of the new method for obtaining numerically relevant

parameters. From an engineering point of view, this new experimental method offers

the ability to directly compare the rate-dependent mechanical performance of adhesive

joints, since the specimen geometry is the same independent of the rate of interest – tra-

ditionally, quasi-static and dynamic specimen geometries have been different. Moreover,
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the direct measurement of cohesive zone parameters circumvent the need of develop-

ing computational methods for obtaining the relevant parameters used traditionally –

such as inverse modelling. This method is used to identify a suitable adhesive for the

overall study: the investigated film adhesive resulted in a superior mechanical perfor-

mance when compared to the studied paste adhesive. In general, film adhesives enable

improved handling for larger scale applications.

Second, the new experimental method is expanded to enable the rate-, mode- and

thickness-dependent characterisation of ductile adhesive joints using Ti-6Al-4V titanium

alloy adherents. The specimens for the characterisation experiments are used in form of

butt joint, single-lap joint and scarf-joint to induce mode I, mode II and mixed-mode

deformation respectively. Microstructural analysis and computer tomography allowed

the identification of the fracture driven processes within the adhesive interface under

different modes of fracture. The information is employed to derive the damage laws of the

numerical model – such as the presence of voids. The investigated film adhesive shows

significant dependence of the dissipated energy and cohesive strength on the loading

rate, on the fracture mode and on the adhesive layer thickness. While the dissipated

energy increases when transferring from mode I-dominated towards mode II-dominated

deformation, it decreases with increasing loading rate. Moreover, the energy dissipated

increases with larger interface thickness until a certain threshold is reached. On the

contrary, the cohesive strength shows less significant dependence on the deformation-

mode and on the interface thickness. However, it increases with increasing loading rate.

The modified cohesive zone model accurately captures the experimental observations.

While mode I and mode II experimental results have been used to calibrate the model,

experimental findings for mixed-mode adhesive joints are employed to demonstrate the

flexibility of the unified experimental and numerical framework. By comparing with

already existent rate-dependent cohesive zone models, the effect and advantages of the

184



proposed approach are demonstrated – it is shown that capturing the right stress-strain

behaviour requires the use of the combination of thickness, rate and fracture mode

dependent variables.

Third, more traditional fracture mechanics experiments were performed using three

different specimen geometries representing different fracture modes – WDCB for mode

I, ENF for mode II and SLB for mixed-mode deformation. A newly developed data

acquisition method enabled the processing of dynamic experiments – this method is

believed to neglect dynamic effects introduced during impact experimentation. The

results are comparable to those obtained using small-scale experiments (characterisation

experiments): the film adhesive also results in a lower fracture energy with increasing

loading rate for all three fracture modes. Furthermore, the comparison of fracture energy

values found in the literature and those obtained using the characterisation experiments

(small-scale) provided additional confidence about the suitability of the newly developed

experimental method for characterising adhesive joint structures. Additionally, this

was confirmed by simulating the fracture mechanics experiments with the previously

developed cohesive zone model: the model calibrated using small scale experiments

successfully predicted the failure performance of these larger-scale experiments.

Fourth, the developed experimental and numerical frameworks are used to under-

stand the rate-dependent failure performance of hybrid material adhesive joints – these

consist of carbon fibre reinforced plastics and Ti-6Al-4V titanium alloy adherents. Dif-

ferent fracture modes induced by WDCB, ENF and SLB specimens are studied under

quasi-static and high-rate loading regimes. Detailed microstructural analysis of the frac-

tured surfaces allowed the identification of the different fracture-driven processes for the

adhesive interface and the composite. The failure sequence is different depending upon

the rate of deformation in WDCB and SLB: (i) under quasi-static loading environments,

the joints failed cohesively within the adhesive interface while (ii) high-rate experiments
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showed composite failure. This phenomena is explained with by looking at the fracture

properties of the adhesive and the composite themselves – at high rates both adhesive

and composite have a similar mode I maximum stress. Numerical modelling of these

experiments – which include the new adhesive interface model – confirmed the experi-

mental findings.

In summary, a combined experimental and numerical methodology comprised of: (i)

material characterisation, (ii) material model development, (iii) model calibration and

verification using small-scale specimens and (iv) model validation using large-scale spec-

imens, is found to enable accurate assessment and representation of the rate-dependent

performance of adhesive interfaces. It is believed that this methodology can be used

for other materials and that it offers a suitable framework for the development of co-

hesive zone models. Finally, observations obtained for hybrid material adhesive joints

demonstrated the importance of the independent knowledge of the dynamic behaviour of

the different materials for a reliable failure prediction and optimal design of adhesively

bonded structures that employ dissimilar materials.

7.1 Future work

The further work which arise from this study falls into two categories:

(a) Characterisation and modelling of the mechanical behaviour of adhesively bonded

structures at different hygro- and hydrothermal environments and rate-dependent

loading regimes.

(b) Exploitation of the gained knowledge to simulate large-scale industrial applica-

tions.
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7.1.1 Hygro- and hydrothermal dependent behaviour of adhe-

sively bonded structures: characterisation and modelling

The mechanical performance of adhesively bonded structures are shown to be highly

dependent on the loading rate, however, moisture and temperature are also very im-

portant factors. Structural components are often subjected to simultaneous exposure

to various environments (in terms of temperatures and moisture levels) – these require

further investigation. Further research should aim at understanding the coupled and un-

coupled behaviour of the critical adhesive joint characteristics when the adhesive bond

is subjected to different levels of moisture and temperature.

Many investigations have been carried out to define the ageing-governed parame-

ters of the adhesive joint. Several studies have investigated the effect of moisture and

temperature on the joint strength and the fracture energy. It has been shown that the

joint strength decreases when immersed into water over a long period of time – see

Figure 7.1. Moreover, it has been shown that the joint strength decreases with increas-

ing temperature. These combinations of water immersion and temperature are referred

Fig. 7.1 Stress/strain curves of adhesive for various times of immersion in distilled water at
(a) 20◦ C and (b) 40◦ C [237].
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Fig. 7.2 Stress-strain curves of adhesive at four different environment conditions: room tem-
perature/dry (RD), room temperature/wet (RW), elevated temperature (95◦ C)/dry (ED) and
elevated temperature (95◦ C)/wet (EW) [238].

as hydrothermal effects. Investigations considering the coupled effect of temperature

and humidity grade show a decrease of stress with higher moisture level and higher

temperature while the strain increases with higher temperature – Figure 7.2. These

combinations of humidity and temperature change investigated the hygrothermal effects

on the mechanical performance of the adhesive.

Additionally, researchers have obtained a decrease of the fracture energy from dry

condition to fully saturated condition in distilled water. Similar observations were re-

ported under salt water – see Figure 7.3. However, all of these have been carried out

under quasi-static conditions – understanding and quantifying the effect under dynamic

loading is important. Few researchers have studied the combined influence of loading

rate and moisture on the failure performance of adhesive joints [239]. These studies re-

vealed a decrease in mechanical performance – force and displacement – with increasing

loading rate and increasing humidity grade at a constant temperature – see Figure 7.4.

However, the maximum velocity studied (100 mm/min) is not believed representative of
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Fig. 7.3 Fracture energy of two different adhesives as a function of temperature and ageing
environment [240].

impact loading.

Therefore, there is an ongoing interest in expanding the rate-dependent characteri-

Fig. 7.4 Load-displacement curves obtained at 20% and 90% relative humidity, 28◦ C, using
different cross-head speeds [239].
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sation method developed in Chapter 3 to understand the hygro- and hydrothermal be-

haviour of adhesive structures subjected to impact. It is believed that an investigation

that independently studies the effect of temperature and moisture on the adhesive joint

with varying loading rates would provide a fundamental understanding of the hygro-

and hydrothermal behaviour under dynamic loadings. Furthermore, this would benefit

the subsequent discussion of coupling hygro- and hydrothermal and loading-rate inves-

tigations to provide suitable failure criteria. These would provide a closer experimental

and analytical representation of the actual mechanical performance of aerospace and

automotive structures.

Furthermore, generated observations for different moisture and temperature levels

would need to find a suitable physical/mathematical representation in analytical/numerical

models to support the design process and failure prediction. Hence, there is an ongoing

interest in expanding the developed cohesive zone model for the adhesive interface in

Chapter 4 to include both moisture and temperature dependency. This would provide

a closer numerical representation for the actual service conditions of industrial adhesive

joint applications.

7.1.2 Simulation of large-scale industrial applications that em-

ploy adhesively bonded interfaces

Generally, the mechanical behaviour of materials is measured at relatively small scales –

at least when compared to the overall size of the industrial component. This simplifica-

tion allows the identification of the material failure driven processes which are important

for the overall failure prediction of large scale components. The generated mathemat-

ical description of these failure phenomena at the so-called micro-scale are generally

measured, calibrated and validated using meso-scale experiments. If those meso-scale
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assumptions constitute a representative volume element, the behaviour and mechanisms

of the material can be extrapolated to larger scale components and models – this is the

so-called macro-scale.

Due to the enormous size of the macro-scale of some industrial applications, such

as the fan blades, the numerical simulation requires the use of very large elements to

enable time-efficient simulations – see Figure 7.5 as an example. Figure 7.5 shows a

numerical simulations of bird strike impact on an aeroengine including the damaged

fan blades. Most of the dynamic simulations are performed with explicit calculations

in which the minimum integration time step size of the model is dependent on the

minimum element length. For a small mesh size usually considered at the micro- and

meso-scale level, this would result in enormous computing time. In order to reduce this

time, larger elements are used. However, when discretising some of the components

of adhesively bonded structures where their characteristic size is orders of magnitude

smaller than the component itself – such as the adhesive interface – there is a risk that

the discretisation process introduces artefacts that affects the accuracy of the numerical

predictions. Therefore, there is an ongoing need in implementing and validating the

developed material model in Chapter 4 for large elements to enable its use in industrial

applications. Alternative solutions should also be investigated. For example: (i) the use

of sub-scale models to represent the fracture process of the adhesive – where boundary

conditions of the larger scale model are applied to a subset model which contains higher

geometrical detail, (ii) adaptive remeshing techniques – where a refined mesh is created

around the most stressed and strained areas, or (iii) a direct multi-scale model, where

multiple simulations are executed in parallel and information is transferred among them.

Further research in any of these areas would significantly improve the usability of this

kind of models at the industrial level.
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Fig. 7.5 Structural mesh for a damaged fan [241].
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