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ABSTRACT 

This thesis presents numerical and experimental research concerned with developing laboratory 

test specimens containing well-characterised residual stress fields. These specimens were then 

used to examine how residual stresses influenced fracture conditions. Three different materials 

were used in this work; an A508 ferritic steel, and two aluminium alloys, 2650 and 2024. 

Residual stresses were generated using a technique called local compression on both uncracked 

plates and cracked compact tension, C(T), specimens. Residual stresses introduced by single 

punching tools on the uncracked specimens were examined theoretically and numerically to 

benchmark further developments. Also residual stresses were measured using three techniques, 
deep-hole drilling (DHD), centre-hole drilling (ICHD) and synchrotron diffraction (HEXRD) 

and excellent agreement between measurement methods was obtained. A parametric study was 

carried out to determine the features of the residual stress field generated in cracked specimens. 
The position of single and double pairs of punching tools relative to the crack tip as well as the 

size of the punches were examined systematically. The numerical analyses revealed that 

positioning a single punching tool tangentially to the crack tip resulted in the generation of a 
tensile residual stress field ahead of a crack. Furthermore, double pairs of punching tools were 

shown to generate either tensile or compressive residual stresses normal to the crack plane 
depending on the relative position of the tools to the crack tip. The numerical findings were 
confirmed experimentally through HEXRD measurements and fracture tests. 

Local compression and prior overloading were applied to C(T) specimens to generate a residual 
stress field, either independently or in combination. It was found that tensile residual stresses 
reduced the apparent fracture toughness and that compressive residual stresses resulted in 
increased the fracture toughness. The shift in the apparent fracture toughness depended on the 

magnitude of the residual stresses and material, with the aluminium alloys being more 
susceptible to the presence of tensile residual stresses. 

A local approach based on the Beremin model was used to predict failure in the presence of 
residual stress fields in terms of fracture toughness for cleavage fracture in steel specimens. 
The overall trends from predictions were similar to the experiments, but there remain 
limitations in the model. For aluminium specimens, a method based on the William's series 
was employed to predict the stress intensity corresponding to a residual stress field (Kres). The 

measured changes in initiation toughness matched the predicted values of K1es. 
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Chapter 1: INTRODUCTION 

1INTRODUCTON 

Residual stresses play an important role in the structural integrity of engineering 

structures. Residual stresses are the self-equilibrium internal stresses that exist without 

any external load. Residual stresses may be generated by virtue of a fabrication process, 

such as welding or quenching, or may be created by in-service mechanical or thermal 
loads. There is currently no consensus of opinion on how best to incorporate residual 

stresses in fracture mechanics analyses. The main theme of this thesis is to develop an 

understanding of how residual stress fields change the conditions for fracture. 

Component failures are usually classified as either brittle or ductile. A brittle failure 

occurs when a crack propagates rapidly through a component and requires little driving 

force once initiated. Conversely, the deformation of the material that fails in a ductile 

manner is significant and the relationship between load and displacement is non-linear. 
Moreover, a ductile material is highly resistant to crack growth and requires a much 
higher driving force for the crack to propagate and continue to grow. Depending on a 
number of factors which include environmental conditions, the applied load and the 

general condition of the material, the influence of residual stresses on these different 

fracture mechanisms will be considered. 

The implications of the influence of loading history on probabilistic analysis for 

structural integrity are also important. For ferritic steels, a probabilistic analysis 
recognises that loadings, material properties, geometry and crack size are statistical 
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Chapter 1: INTRODUCTION 

quantities, described using probability distribution functions. Quantifying these effects 

of prior loading provides improved confidence in determining the remaining life of a 

structure. 

1.1 Materials 

In order to consider the influence of residual stresses on materials with different failure 

mechanisms, two materials were used in this research. A508 steel was chosen as it 

behaves in a brittle manner at low temperature. This material is used in high pressure 

vessel components. The influence of residual stresses on ductile tearing will be 

examined on specimens fabricated from aluminium alloy 2XXX series. Aluminium 

alloy 2650 and 2024 were used to study the influence of residual stresses on fracture 

behaviour of these materials. 

1.2 Research Programme and Objectives 

To study the influence of residual stresses on fracture behaviour, a specimen containing 

a well-characterised residual stress field is required. This was achieved using two 

techniques to generate residual stress. Firstly, side punching using flat-ended punches 

was selected and developed. The residual stress field left by side punching was studied 

carefully in components with and without defects. Secondly, prior overloading was 

employed as another residual stress generation technique. The residual stress field 

created by these two techniques were measured using three measurement techniques; 

incremental centre-hole drilling (ICHD), deep-hole drilling (DHD) and X-ray 

synchrotron diffraction. The measurement results were used to validate finite element 

predictions. 

Two important factors in the structural assessment of components are residual stresses 

and fracture toughness. Within components, there will be a statistical distribution for 

each of these factors. Fracture tests were carried out on the cracked components 

containing residual stresses introduced by side punching. The scatter of the apparent 
fracture toughness in the presence of residual stresses was studied. Prior overloading 

was also used to generate compressive residual stresses ahead of the crack and to 
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redistribute the residual stress field following side punching. What is not known is 

whether loading history has a combined influence on residual stress and fracture 

toughness, or whether loading history can only change one and not the other. A series 

of elastic-plastic finite element analyses were carried out and the results were compared 

with the experiments. 

In the research at low temperature, a series of tests were carried out to determine how 

different residual stress fields change the apparent fracture toughness distribution in 

A508 steel specimens. The tests were undertaken with different sets of specimens with 

and without residual stresses. A sufficient number of tests were performed to provide 

statistical evidence. The influence of residual stresses on fracture was also studied at 

room temperature on aluminium alloys 2650 and 2024 specimens. 

Finally, the findings from this study will provide the essential elements that are needed 

to be incorporated into a probabilistic assessment of the role of residual stresses on 
failure. These include the modification of apparent fracture toughness using a form of 
Beremin model. Beremin model is a technique to predict the failure in brittle 

conditions. For aluminium alloys 2650 and 2024 specimens, a simple approach is used 
to estimate the stress intensity factors for cracks in residual stress fields in aluminium 

specimens. 

1.3 Thesis Structure 

The underlying concepts in the study of residual stresses, the techniques used to 

introduce and assess them and their influence on fracture of materials are reviewed in 

chapter 2. Chapter 3 presents the details of the finite element simulations for the 
different specimen geometries and materials used in this work. The effects of different 

loading histories are also explored in chapter 3. Details of the experimental procedure 

and test methods including all the experimental results for fracture tests and residual 

stress measurements are described in chapter 4. Chapter 5 discusses the results from 

this research and compares the experimental results and finite element predictions. 
Chapter 5 also includes the two methods to predict the apparent fracture toughness in 

the presence of residual stresses of prediction failure for steel and aluminium 
specimens. Conclusions and planned future work are outlined in the final chapter. 
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Chapter 2: LITERATURE REVIEW 

2 LITERATURE REVIEW 

This chapter reviews the origins of residual stresses in materials and their influence on 

the fracture behaviour of materials. The different fracture mechanics for brittle and 

ductile materials are briefly reviewed, and a statistical approach for predicting fracture 

behaviour in the presence of residual stress fields is presented. The chapter then goes 

on to consider the various residual stress measurement techniques which are available. 

2.1 Residual Stress Fields 

Residual stresses can be defined as the self-equilibrating internal stresses which exist in 

a free body when no external loads are applied [Kula et al, 1982]. Residual stress fields 

can be categorised according to the length scale over which they self-equilibrate. 
Residual stress fields have been classified conventionally as type I, II or III. If the 

residual stresses act over large distances, an example being those caused by the non- 

uniform plastic deformation of a bent bar [Withers et al, 2001a], they are called 

macrostresses. These stresses may lead to the failure of a component and have a length 

scale of similar size to the component. These are known as type I residual stresses. 
Type II residual stresses have length scales of similar size to the grains of the materials. 
Whenever polycrystalline metals are loaded beyond the yield point, the anisotropic 
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behaviour of the plastic and elastic deformation of the grains, for grains of different 

crystallographic orientation, always generates residual stresses [Holden, 2002]. Type II 

residual stresses are also called intergranular stresses. Type III residual stress fields are 

those associated with extended defects within grains. They have a spatial scale of the 

order of 1000s of A [Holden, 2002], i. e. atomic scale [Withers, 2001]. The type III 

category typically includes coherency at interfaces and dislocation stress fields. A 

schematic diagram of the three types of residual stresses and the corresponding scales 

over which each type acts are shown in Figure 2.1 

This thesis concentrates on macro-scale, or type I, residual stress fields, as they are the 

type that tend to propel defects that are important for engineering analysis. The next 

section considers the nature and generation of this class of residual stress fields. 

2.1.1 Nature of residual stresses 

Residual stresses develop when a structure experiences inelastic deformation in a 
localised area. This can occur in structures where there has been plastic deformation or 

thermal distortion during manufacturing processes like cold working and welding. 
When the applied load is not large enough to cause permanent deformation in the body, 

only elastic deformations occurs and upon unloading the body returns to its original 

shape and stresses decrease to zero. If the deformation is plastic and inhomogeneous, 

stresses and strains will still be present due to the constraint of discrete volumes in a 

material and a residual stress field appears. 

It has been known that residual stresses have a significant role in the integrity of 

machine and structural components. Residual stresses can affect mechanical properties, 
fracture mechanics and fatigue lives, which may influence the integrity of the 

component [Smith, 2003]. Residual stresses can be advantageous or disadvantageous to 
the integrity of components. One of the principal generators of residual stress is 

welding, which can result in both tensile and compressive residual stresses within a 
component. Structural components containing longitudinal welds are more likely to 
buckle due to the associated reduction in stiffness [Bonner, 1998]. A compressive 
residual stress field can prohibit the failure of material or improve the performance of 
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the material or structure in terms of load carrying capacity. The effect of residual 

stresses on fracture will be described in more detail later in section 2.7. 

2.1.2 Origin of Residual Stresses 

Residual stresses always arise when material is deformed permanently or plastically 

[Noyan et al, 1987]. There are a number of different sources of residual stresses which 
include: 

" Inhomogeneous plastic deformation at notches 

9 Production processes 

" Heat treatment 

" Assembly 

" Temperature differences 

In this section, only the first two sources will be considered as they are directly relevant 

to this thesis. An example of a component where inhomogeneous plastic component 

occurs is a plate containing a plane hole loaded in tension. Machining processes such as 

grinding, turning, drilling and milling usually generate compressive residual stresses in 

the working direction of the cutting zone, [ASTM proposed annex to E1290,1998]. 

Some methods of residual stress generation and their corresponding residual stress 
fields are shown in Figure 2.2. Temperature differences have significant effect on the 

final residual stress field, for example the main source of residual stresses arising from 

welding is the localised shrinkage of cooling weld metal, which is restrained by 

surrounding colder sections of the fabrication. Residual stresses can also be introduced 

deliberately as part of surface treatment procedures to produce surface compression. 

2.2 Generation of Residual Stresses 

It is believed that the residual stresses have great influence on the fracture behaviour of 

materials. A requirement of studying the effect of residual stresses is producing those 

stresses within laboratory specimens and similar to the way they appear in the real 
structures. A number of different techniques to produce residual stress has been 
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examined in the literature. In this section, a variety of different techniques to generate 

residual stresses are reviewed. 

2.2.1 Importance of the Generation of Residual Stresses 

In order to assess the effect of a residual stress field on the fracture behaviour of 

materials, a residual stress field with known characteristics is required. This is 

especially important as the study of residual stresses is usually conducted on laboratory 

specimens and small scale components. Different methods for introducing residual 

stresses have been proposed in the literature and some of the more well known methods 

are described in this section. 

2.2.2 Methods for Generating Residual Stresses 

Studies of the fracture behaviour of materials in the presence of residual stress fields 

are under taken using the specimens containing residual stress fields. Generation of 

residual stresses within standard fracture test components is currently performed in the 

literature through two general approaches: 

First, the fracture specimen is removed from the structure containing residual stresses. 
The specimen is fabricated in such a way that the flaw is situated relative to the region 

containing residual stresses in the same aspect as it lies in the structure. Leggatt and co- 

workers [Leggatt et al, 1981] machined fracture specimens from a large panel 

containing a welded region. This was subsequently used to study the effect of weld 

residual stresses on the shape of fatigue cracking. Hill and co-workers [Hill et al, 1998] 

modeled this method of specimen extraction for a girth-welded pipe during FE analysis. 
Although great care was taken whilst extracting the specimen, there was likely to be a 
degree of residual stress redistribution due to cutting. 

The second approach for introducing residual stresses within fracture specimens is to 

use either a mechanical or thermal technique on an unstressed specimen. These 

mechanical or thermal procedures can induce residual stresses by plastic deformation 

and phase transformation respectively. Some of these techniques are discussed here. 
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One of the most well-known residual stress generation techniques is the pre-loading 

process. Pre-loading or proof testing involves subjecting pressure vessels to a certain 

pressure level. This procedure is to increase the pressure carrying capacity of the 

pressure vessel. This process has been established for many years and is discussed in 

review papers such as the one by [Smith et al, 1990]. Such a process is also called 

warm pre-stressing. However, the distinction is that for warm pre-stressing 

considerations the existence of flaws is postulated, so that by subjecting the vessel to a 

pressure that is assumed to be a benefit on the operation of pressure vessels without 
loss of structural integrity. The prior over loading technique has been employed to 

generate compressive residual stresses in the fracture specimens. A schematic diagram 

of the method is shown in Figure 2.3. There are three different load cycles that have 

been considered to define warm pre-stressing: 

(i) Load-Unload-Fracture (LUF), 

(ii) Load-Cool-Unload-Fracture (LCUF), 

(iii) Load-Unload-Cool-Fracture (LUCF). 

These cycles are shown in Figure 2.4. The LUCF cycle is the most common laboratory 

cycle applied [Smith and Garwood, 1990]. Smith and Garwood applied this technique 

on A533B steel. Smith [Smith, 2003] has also reviewed the effects of prior loading on 
the structural integrity. 

Almer and co-workers [Almer et al, 1998] employed two mechanical techniques to 

study the effects of residual stresses on fatigue. In their research, pre-strained samples 
were produced by uniaxially straining large tensile specimens and then cutting out the 

gauge sections to produce compact tension C(T) specimens for fatigue testing, as 
shown in Figure 2.5(a). The uniaxial tensile test introduced micro residual stresses 
within the specimen as a result of friction between different phases. They also 
introduced residual stresses in another set of C(T) specimens by hydraulically pressing 
an oversized tapered pin into a tapered hole. The hole was ahead of the crack tip in the 
ligament of the specimen as shown in Figure 2.5(b). In this process trepanning expands 
the hole uniformly and leads to a through thickness residual stress gradient. 
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Hill and co-workers [Hill et at, 1998] studied the residual stress field following side 

punching on a SEN(B) specimen. Side punching was basically a method to mitigate the 

effect of residual stresses on pre-crack straightness. Side punching as a stress relaxation 

technique has been widely studied by Towers and co-workers [Towers et at, 1982]. 

They studied different shapes of punch to relax welding residual stresses as shown in 

Figure 2.6. Leggatt and co-workers [Leggatt et al, 1981] also investigated the punched 

state of the welded specimens. They used the side punching technique at the British 

Welding Institute to achieve valid, i. e. relatively straight, fatigue crack profiles in weld 

metal fracture toughness specimens which were extracted from a welded plate. They 

showed that side punching process resulted in a fairly straight fatigue crack. In contrast, 
Meith et at [Meith, 2002] employed flat punches to introduce residual stresses in 

SEN(B) specimens. They compressed the ligament of the specimens near the crack tip 

using cylindrical flat-ended platens. Ogeman [Ogeman, 1992] also used a coining 

process, applying flat-ended platens around a hole to redistribute the residual stresses 

around the edge of the hole. In literature side punching has also been called local 

compression [Towers et at, 1982]. To prevent confusion in this work, the term side 

punching is used for the application of flat-ended punches as local compression can 
also cover in-plane compression, another method for generating residual stresses which 
is described later. 

Another technique for retardation of fatigue crack growth which has been examined in 

the literature is ring indentation. Lim and co-workers [Lim et al, 2003] created residual 
stresses around the crack tip by indenting a cracked panel with rigid ring punches as 
illustrated in Figure 2.7. Their results showed that the ring indentation introduced 

compressive residual stresses in the crack tip region. 

Other researchers have used an in-plane compression technique to introduce tensile 

residual stresses at the notch root in a compact tension specimens [Sherry, 2000], 
however the size of their specimen was not standard. A schematic presentation of in- 

plane compression is shown in Figure 2.8. This technique also can be used to initiate 
tensile residual stresses in the standard size SEN(B) specimens [Mirzaee et al, 2005]. 

The generation of residual stresses in large specimens can be different. A variety of 
different approaches have been employed by researchers in the literature. Sharples and 
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co-workers [Sharples et al, 1993] used large plate specimens containing a central 

through thickness crack to investigate the effect of in-plane self-balancing residual 

stresses on ductile tearing behaviour. They generated residual stresses using two 

electron beam welding lines which resulted in tension in the central region of the plate 

balanced by compression in the outer regions. A schematic diagram of the plate and the 

position of the welding is shown in Figure 2.9. They [Sharples et al, 1995] later 

employed a new design of these plates and generated residual stresses by sawing two 

slots from the end of the plate. Then by means of a clamp arrangement, tensile and 

compressive loads were applied on the end beam. Once the clamp had been tightened, 

the induced stresses were locked into the test plate by welding up the slots prior to 

removal from the test rig. 

A cold expanding procedure is another residual stress generating technique that has 

been used widely in the literature. Smith [Smith, 2003] has reviewed this method. In 

this technique a radial pressure or displacement inside a hole is applied. The pressure is 

large enough to cause localised yielding in the vicinity of the hole edge up to a certain 
distance. After removing the pressure, compressive residual stresses are induced around 

the hole edge. 

As well as generating residual stress in fracture specimens the creation of residual 

stresses in non-fracture specimens has received a great interest recently. Quenching is 

usually employed to change the phase in alloys, however this can also be applied to 

induce residual stresses. For instance, the quenching process has been conducted on 

steel spherical specimens [Hossain et al, 2004a] as well as cylindrical specimens 
[Hossain et al, 2004b]. They reported that this process resulted in high triaxial residual 

stresses within the specimens. 

Later in this work two techniques were used to generate residual stresses. Firstly, an 
intensive study was performed to show how side punching generates a residual stress. 
Also a novel application of side punching on fracture test specimens was used and 

studied in detail. Secondly, prior overloading was employed to generate the 

compressive residual stresses within laboratory specimens. The interaction of residual 

stress fields from these two techniques were also considered. 
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2.3 Methods for Measuring Residual Stresses 

In this section different techniques for measuring residual stresses are presented. The 

idea is to include all residual stress measurement techniques, however the emphasize 

will be on those methods which have been used in this research programme. Generally, 

measurement methods are classified into three categories; non-destructive, semi- 
destructive and destructive methods. Non-destructive methods are used without causing 

any damage to the material such as optical, X-ray and neutron diffraction techniques. 

The semi-destructive methods result in only limited damage such as small holes. In the 

case of destructive methods, quantities of material are removed and the stress relaxation 
is measured. The known measurement techniques will be reviewed in the 

corresponding category in this chapter and the advantages and disadvantages of each 

method are shown. 

The measurement techniques that have been used in this PhD research programme are 
described briefly here. More detail of these measurement methods will be presented in 

chapter 4. 

2.3.1 Non-Destructive Methods 

Some of the well known non-destructive methods are described briefly. Non- 

destructive techniques measure a dimension of the crystal lattice structure of the 

material or some physical parameter affected by the crystal lattice dimensions. The 

specific lattice planes in the metallic crystalline structures distort under applied loading 

and this is directly proportional to the induced stress [Francois et al, 1996]. 

2.3.1.1 X-ray diffraction 

This measurement technique is relatively straightforward and the equipment is readily 
available with both laboratory based and portable equipment. During measurement the 

component is irradiated with high energy x-rays, according to Bragg's law 

nA=2dsin0, (2.1) 
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where ? is the radiation wavelength, d is the spacing between reflecting crystal planes, 

n is an integer and 0 is the angle of incidence and diffraction of the x-ray radiation from 

these planes. In order to calculate the stress (or strain) tensor at a location at least six 
independent measurements of strains in different directions are required. In many cases, 

the principal stress directions can be deduced by symmetry arguments and thus only 

three strain values are required to calculate the principal stresses. In certain cases, such 

as plane stress or plane strain conditions, even fewer strain measurements are needed 
[Withers et al, 2000]. A detector is moved around the component to detect the angular 

positions diffracted x-rays are located and records their intensity. The stresses by this 

method can be very localised to the extent of being only associated with the surface 

region [Noyan et al, 1987]. In practice, the X-ray diffraction technique can measure 

stresses at depth up to 5µm in titanium, 15µm in steel and 50µm in aluminium [Kandil 

et al, 2001] and less than 1mm by using a layer removal technique [Withers et al, 
2000]. 

2.3.1.2 X-ray Synchrotron Diffraction 

This method is described in more detail later in chapter 4. The synchrotron diffraction 

technique is now used widely to measure internal stresses in crystalline solids. When 

electrons are accelerated they, emit electromagnetic radiation. This effect is exploited in 

modern synchrotron sources. Powerful magnets bend or undulate the beam of electrons 
orbiting in a synchrotron to produce either intense white beams or intense beams of 
particular energies, respectively. As a result, synchrotron radiation is typically two or 
three orders of magnitude more penetrating than conventional X-ray radiation [Owen et 
al, 2003]. At least three different analysis methods have been applied to date using 
[Withers et al, 2000] 

(i) traditional 0,20 methods 

(ii) high energy two dimensional diffraction 

(iii) energy dispersive method 

In all cases, the relatively high energies involved lead to very low scattering angles 
(typically ranging from 10°). 
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2.3.1.3 Neutron Diffraction 

Like X-rays, the neutron diffraction technique relies on elastic deformations within a 

polycrystalline material that causes changes in the spacing of the lattice planes from 

their stress free state [Holden et al, 1996]. Measurements are carried out in much the 

same way as with X-ray diffraction. However, neutrons are more energetic than X-ray 

and can therefore penetrate several centimetres into most metals. In this method the 

changes in lattice separation are obtained using two neutron diffraction techniques, 

conventional 0/20 scanning and time of flight. 0/20 scanning uses a continuous beam 

from a reactor source and monitors the shift E0 in a single diffraction peak. Time of 
flight technique uses a pulsed polychromatic beam and monitors the incident-diffracted 

wavelength, 2, at a constant Bragg angle, 0. Neutrons are able to provide high spatial 

resolution 3D strain maps at depths from 0.2mm to 200mm in aluminium and 25mm in 

steel and 4mm in titanium [Withers et al, 2000]. 

2.3.1.4 Ultrasonic method 

Ultrasonic methods utilise the sensitivity of the speed of ultrasound waves travelling 

through a material to the stress levels within it [Thompson et al, 1996]. In most cases, 
these techniques use the fact that the ultrasound propagation speed varies with the 

anisotropy due to the stress state. Stress is measured by inducing a sound wave at a 
frequency of several megahertz into the component and measuring the time of flight or 
some other speed related parameter. The changes in speed provide a measure of the 

average stress along the entire wave path. The important disadvantages of this method 

are, the maximum area measured is about 30 mm2 and the variation of sample geometry 
that can make the use of waves difficult [Parlane, 1977]. 

2.3.1.5 Magnetic Method 

In contrast to diffraction and ultrasonic techniques, the magnetic stress measurement 
method is restricted to ferromagnetic materials. It has been long known there is an 
interaction between the magnetization and elastic strain in ferromagnetic materials 
[Titto et al, 1996]. The basic principal of the electromagnetic method is that the 
different domains of the material have separate electromagnetic properties dependent 

on the stress state. This stress state can then be determined by measuring the variation 
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of these electromagnetic properties as a function of the magnetic field strength. The 

main advantage of the magnetic method is that the equipment is 
. portable, quick to 

apply and can measure the stresses at depths between 6-10 mm [Kandil et al, 2001]. 

Problems can arise from the measured properties varying with structural state, materials 

must be magnetostrictive, calibration must be done for each material, and stress 

measurement can be expensive due to the time involved and the cost of the 

measurement system. 

2.3.1.6 Piezo-spectroscopy (Raman) Method 

The Raman method involves the interaction of light with matter. An incident laser 

pulse causes the bonds between atoms to vibrate. Analysis of the scattered light, known 

as Raman spectrum, reveals vital information about a sample's physical state and 

chemical structure. Therefore this method is essentially a surface strain measurement 

technique and is particularly useful for studying fibre composites [Kandil et al, 2001]. 

2.3.2 Semi-Destructive Methods 

Semi-destructive techniques are described in this section. In semi-destructive methods 
the removal of the material is limited and can often be tolerated or adequately repaired 
[Schajer et al, 1996]. Centre-hole drilling and deep-hole drilling techniques are 
described in more detail, as these methods have been used in this research programme. 

2.3.2.1 Incremental Centre Hole Drilling Method, ICHD 

The ICHD technique measures the surface strains when a hole is drilled through the 

centre of a strain gauge rosette. In this method, the hole is drilled incrementally and the 

relaxed strains at each increment are measured. The surface residual strains are usually 

measured using a strain gauge rosette attached concentrically around the hole axis. 
Within the rosette three strain gauges are positioned, aligned around the rosette centre 
(hole axis). The use of three strain gauges in a rosette permits measurement of a bi. 

axial residual stress state. 
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2.3.2.2 Ring Coring Method 

Similar in principle to the Centre-hole drilling technique, ring coring is based on the 

measurement of the relaxed strain caused by a disruption to the original stress field. 

However in this case, strain release is caused by the machining of a shallow ring 

around a strain gauge to produce a relatively stress free island of material. The 

subsequent strain release, as measured by the central rosette, is then used to calculate 

the original stress state. 

2.3.2.3 Deep Hole Drilling, DHD 

The DHD method determines the through thickness residual stress distributions in a 

component by measuring the diametral distortion of a reference hole that occurs when a 

core of material is removed from the component by trepanning. The DHD technique is 

based on the measurement of a reference hole that is gun drilled through the 

component. Then a core of the material containing the reference hole is trepanned free 

of the rest of the component using a plunge electric discharge machine. The trepanned 

cylindrical core is macroscopically "stress-free". After core removal, the reference hole 

diameter is measured again in the same manner as before. Finally the relaxed strains are 

calculated from the readings of the hole measurements [George et al, 2000 and Bonner, 

1996]. To find residual stresses that vary with depth, it is assumed that the trepanned 

core is composed of a stack of annular slices, which act independently of one another 
behaving in a manner predicted by the constant remote stress analysis. The measured 

reference hole strains are used to calculate through thickness residual stress 
distribution. 

2.3.3 Destructive methods 

In this section, methods that significantly damage the material for residual stress 

measurement are considered. They essentially employ different types of sectioning 

which cause relaxation of strain. 
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2.3.3.1 Sachs Method 

The basic principal of this method is to measure partial relaxation of strain by removing 
incrementally several layers of material. The method can be used on tubes or solid 

cylinders if layers are removed successively from the centre and axial and tangential 

strains are measured at the out side surface, or on tubes only if layers are removed from 

the exterior and strains are measured at the inside [Flavenot, 1996]. The devices to 

perform the above procedure are strain gauges and a tool to conduct layer removal. The 

more sensible choice for the layer removal tool is usually chemical machining because 

of stress free operation, applicable to high strength materials producing a smooth finish 

and good temperature control [Flavenot, 1996]. 

2.3.3.2 Crack Compliance Method 

This technique involves cutting a thin slot of increasing depth into a specimen and 

measuring the distortion produced nearby using strain gauges. Material can also be 

removed chemically [Withers et al, 2000]. The assumptions are that linear relaxation 

occurs on machining and there is no stress variation along the length of the slot 
[Bonner, 1996]. 

2.3.3.3 Contour Method 

In this method, a component containing residual stresses is cut in two using electric 
discharge machining (EDM). The contour of the resulting new surface is then 

measured. The original residual stresses are calculated from the measured contour 
using a straightforward finite element model [Prime et al, 2002]. The main advantages 
of the contour method are that it is relatively simple and is applicable for thick 

components. However this method only gives information about the displacement in 

the direction normal to the cutting surface and therefore only provides the residual 
stress normal to the surface. 

2.4 Residual Stress Measurement in Cracked Specimens 

Of particular importance to understanding how residual stresses influence fracture is 
knowledge of the distribution of residual stresses around crack tips. Smith and co- 
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workers [Smith et al, 1992] measured residual stresses in a fatigue pre-cracked and a 

plastically overloaded A533B steel beam using the neutron diffraction technique. They 

measured the residual stresses in the crack plane of the beam starting from 5mm behind 

the crack tip to 25mm ahead of the crack tip. Their results showed a large difference 

between the measured and predicted residual stresses for the region around the crack 

tip. The residual stresses after cold expansion of cracked fastener holes have been 

measured using neutron diffraction [Stefanescu et al, 2004b]. Their residual stress 

measurement results showed that pre-existing cracks reduce the compressive residual 

stresses on the inlet face and in the middle of the specimen. Stefanescu and co-workers 
[Stefanescu et al, 2004a] also measured the changes in the residual stains caused by 

fatigue crack growth from cold expanded hole in an aluminium alloy plate using 

synchrotron diffraction. 

The residual strains following fatigue precracking in a standard C(T) specimen were 

measured using neutron diffraction technique by Smith and co-workers [Smith et at, 
1995]. They observed compressive residual strains close to the crack tip. Further from 

the crack tip the residual strains were tensile. Measurement of diffraction peak shifts 

were performed near the crack tip of the C(T) specimens using the configuration shown 
in Figure 2.10. Ceretti and co-workers [Ceretti et al, 1997] also measured the triaxial 

stress field in a fatigued test specimens. Their results showed a region of compression 
in the first two millimetres beyond the crack tip. 

2.5 Fracture Mechanisms 

In this section, key features of the failure mechanisms of brittle and ductile materials, 
are considered, as both types of materials are used in this thesis. Also described are the 
fracture mechanisms in aluminium alloys. Finally some of the standard aspects used to 

assess the fracture characteristics are briefly reviewed. 

Failure may occur by brittle or ductile mechanisms, depending on whether plastic flow 
is required for material separation. Brittle failure requires the separation of atomic 
planes by the attainment of a critical stress. Ductile failure requires plastic flow, 

sufficient to nucleate and grow voids until they coalesce, causing rupture. 
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2.5.1 Brittle Fracture 

Brittle failure occurs when plastic flow (dislocation motion) is restricted. The fracture 

path is transgranular (see Figure 2.11) and once nucleated, the crack propagates at such 

a velocity that failure is catastrophic. For example, the most common failure 

mechanism in brittle materials is cleavage. Cleavage fracture can be defined as rapid 

propagation of crack along a particular crystallographic plane [Anderson, 1995]. 

The onset of cleavage fracture can be described by a critical tensile stress fracture 

criterion [Knott, 1977]. A critical stress must be achieved for initiation to occur that is 

sufficient to break the bonds between neighbouring atoms. The preferred cleavage 

planes are those with the lowest packing density, since fewer bonds must be broken and 

the spacing between planes is greater. However, yielding will occur before this stress 

can be achieved, unless there exists a local discontinuity ahead of the crack tip 

sufficient to raise the local stress level beyond the stress required for cleavage fracture. 

Ritchie and co-workers were some of the first researchers to explore the statistical 

aspects of cleavage fracture [Ritchie et al, 1973]. They proposed that due to the nature 

of inclusions within the microstructures, cleavage fracture is a statistical event. They 

concluded that the fracture stress must be reached over a characteristic distance ahead 

of the crack tip. A weakest link model is often used to characterise cleavage fracture. 

Weakest link statistics have been used to qualitatively describe the phenomena of 

cleavage fracture toughness at the macroscopic level. Pineau [Pineau, 1981] was one of 
the first to present this model. The weakest link is concerned with one critical event 
that is sufficient to cause macroscopic failure. A schematic presentation of the weakest 
link model is presented in the Figure 2.12. In cleavage fracture, initiation is not the 

critical event that leads to failure. A microcrack can initiate a propagating crack which 

might arrest at a particle/matrix interface, a grain boundary or if a steep stress gradient 
exists (at low stress levels), unless there is sufficient driving force to propagate the 

cleavage fracture. Finally, Rice, Knott and Ritchie [Ritchie, et al, 1979] proposed a 
model that suggests initiation occurs when the opening stress ahead of the crack-tip 
exceeds a fracture stress over a critical distance which is on the order of a grain size in 

steel. This is frequently termed the RKR model. 
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In ferritic steels, brittle fracture at low temperature usually occurs by transgranular 

cleavage. Cleavage fracture and its initiation on the lower shelf of A508 steel has been 

studied [Mantyla et al, 1999]. It was found that segregation of impurities along the 

grain boundaries can change the brittle fracture mode from cleavage to intergranular 

[Yahya, 1998]. In the low alloy steel (e. g. A508 Class 3) used for the fabrication of 

pressurized water reactors, the presence of small areas of low toughness, referred to as 

ghost lines, may initiate brittle fracture by an intergranular mechanism. 

Figure 2.13 shows a typical fracture surface following a cleavage fracture in A508 

steel. The multifaceted surface is a phenomenon typical in cleavage fracture. Each facet 

corresponds to a single grain. The river patterns on each facet are also typical of 

cleavage fracture. When a propagating crack encounters a grain boundary, and the 

plane in a neighbouring grain is orientated at a finite twist angle from the current plane, 

the crack accounts for the mismatch by forming on several parallel planes within the 

grain. While propagating through the grain the multiple cracks converge to a single 

crack to minimise the energy of fracture, joining like rivers in the direction of crack 

growth. Figure 2.13 indicates these features for an A508 steel at four different 

magnifications [Tanguy, 2004]. 

2.5.2 Ductile Fracture 

Ductile fracture usually involves the absorption of large amounts of energy. Dimple 

rupture is another common term that is used for ductile fracture. The principal stages in 

ductile fracture can be defined as, nucleation of internal cavities, growth of nucleated 

cavities and coalescence of the cavities to cause fracture. A typical surface full of voids 
is shown in Figure 2.14(a). If decohesion occurs in grain boundarires, the fracture path 
is predominantly intergranular. A typical intergranular fracture surface is shown in 

Figure 2.14 (b). Microvoid nucleation is concerned with the formation of a free surface 

and usually occurs at inclusions or second-phase particles by decohesion of the 

particles/matrix interface, particle cracking, or at blocked slip bands when second phase 

particles are absent. 

In aluminium alloys, especially aluminium alloy 2000 series, because the room 
temperature fracture surfaces of aluminium alloys have a dimpled appearance, the 
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whole process is also called `dimpled rupture' [Wang, 1999]. Wang has described the 

dimpled rupture in three stages: (1) nucleation of internal cavities during plastic flow, 

(2) growth of cavities in the neck region, with continued deformation and (3) 

coalescence of these cavities leading to final rupture. A proposed fracture mechanism 
for Al alloys suggests that fracture initiation occurs by initiation in intermetallics in 

which particles are cracked as illustrated schematically in Figure 2.15 [Butler et al, 
1985]. This mechanism claims that the voids nucleated following fracture at the second 

phase particles. Figure 2.14a shows that slip bands impinge. Then fracture in the 

second phase particles occurs (Figure 2.14b) and under action of hydrostatic stresses 

voids grow (Figure 2.14c). Section (d) of this figure illustrates the decohesion that 

occurs at the end of already cracked particles. All commercial Al alloys contain at least 

two phases. The second phase may be in the form of dispersed particles. 

The critical plastic strain for void nucleation alter with pre-straining such as ageing. 
Voids are usually nucleated at very low strains. Hence, most plastic energy is spent on 

void growth. The mechanism is that plastic flow and decohesion of smaller particles 

next to an original void occurs. Void coalescence take place just before fracture, 

therefore it is the least known stage in dimpled rupture. There are three mechanisms 

proposed for voids coalescence depending on the alloy [Wang, 1999]. First, 

coalescence by impingement whereby two voids grow until the thin band separating 
them fails. Second, coalescence by formation a void sheet between two large voids. 
Third, coalescence by formation of a grain boundary void-sheet linking two voids: 
when an alloy is over aged, weak precipitates zone form along the boundaries. Strains 
become localised and voids nucleate on grain-boundary precipitates. This leads to the 
formation of intergranular void sheets. 

2.6 Fracture Mechanics 

Fracture mechanics is the field of solid mechanics that deals with the behaviour of 
cracked bodies subjected to stresses and strains. These can arise from primary applied 
loads or secondary self-equilibrating stress fields (e. g. residual stresses). The power of 
fracture mechanics lies in the fact that local crack tip phenomena can be characterised 
by relatively easily measured global parameters, e. g. crack length and nominal global 
stress (calculated in the absence of the crack), together' with finite geometry correction 
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factors. The use of fracture mechanics in engineering critical assessment of defects has 

been codified in documents like the ASTM Standards. This section describes some 

aspects of fracture mechanics briefly. The review only covers mode I of fracture as all 
fracture tests in this thesis were carried out under mode I conditions. 

2.6.1 Crack Tip Stress Fields 

In 1957, Williams [Williams, 1957] demonstrated that the elastic stresses at the tip of a 

crack could be expressed as an infinite power series. Assuming small scale yielding and 
isotropic linear elastic material behaviour, the stress field in any linear elastic cracked 
body can be expressed as 

Qy =A, (O)r +B, (G)r° +C, j(O)r/V2 +""" 9 (2.2) 

where o-, is the stress tensor, r and 0 are the polar coordinates and A,, B, and C. are 

dimensionless functions of 0. The development of linear elastic fracture mechanics 

(LEFM) has largely concentrated on the role of the leading term, where the Y., 
Fr 

singularity dominates the stress field close to the crack tip and A. is a description of 

the amplitude of the stress field. This has enabled the use of the stress intensity factor, 
K, as a single fracture characterising parameter. Neglecting higher order terms, the 

singular term in equation (2.2) can be re-written as 

Q,, 
Kr f, (9), 

%F2 
-z (2.3) 

where j (0) is a dimensionless function of 0. There exists a circular zone ahead of the 

crack tip, known as the region of K dominance (also referred to as a singularity 
dominated zone), in which K provides a unique measure of the intensity of the stress. 
The radius of the annulus where K dominates is determined by the radial distance at 
which the singular solution (equation 2.2) deviates significantly (> 10%) from the full 
field solution (inclusive of higher orders terms). A singularity dominated zone is a pre- 
requisite for a single parameter description of crack tip conditions. Although (equation 
2.3) predicts infinite stress at the crack tip, plasticity in metals particularly causes the 

21 



Chapter 2: LimityruiE REVIEW 

stresses to redistribute, resulting in a truncated stress distribution in the near tip region. 
An elastic stress analysis becomes increasingly inaccurate as the size of the crack tip 

plastic zone increases. The American Society for Testing and Materials (ASTM) 

propose strict specimen size requirements to ensure that plane strain conditions are 

achieved at the crack tip. These ensure that equation (2.3) remains valid. These were 
based on experimental observations of the size dependence of the K in steels and are 

given by, 

i 

a, B>_2.5 
K1c 

, cry, 
(2.4) 

where a and B are crack length and specimen thickness respectively. KIC refers to the 

mode I plane strain fracture toughness (a geometry independent material property) and 

Qys the yield stress. The thickness and in-plane dimensional requirements ensure that 

the plastic zone size is small and embedded within the singularity dominated zone. 
Irwin [Anderson, 1995] proposed a simple correction for crack tip yielding by defining 

an effective crack length that is slightly longer than the actual crack size which extends 
the use of elastic analysis to conditions of small scale yielding. Dugdale [Dugdale, 
1960] also considered an effective crack length which is longer than the physical crack. 
If the plastic zone size becomes too large the singularity dominated zone is destroyed 

and an alternative description for the crack tip stresses would be required to account for 

the increase in non-linear behaviour. 

2.6.2 Elastic-Plastic Crack Tip Stress Fields 

If there is significant non-linear behaviour in the crack tip region, a linear stress 
intensity factor cannot be used any longer. Under those conditions, a path independent 
line integral, known as J, was defined by Rice [Rice, 1968]. The value of this integral is 

equal to the energy release rate in a non-linear elastic body that contains a crack. 
Hutchinson, Rice and Rosengren [Anderson, 1995] expressed the elastic-plastic stress 
field as a series expansion with a power law dependence on distance from the crack tip, 
r, and an angular variation that is independent of r. This stress field is called the HRR 
field. Hutchinson, Rice and Rosengren assumed an uniaxial stress-strain behaviour, 
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characterised by a Ramberg-Osgood power law equation. Similar to equation (2.2), the 

leading term of the expansion is singular, where the stress varies with r-V ("+1) The 

HRR field is given below where the J-Integral is used to define the amplitude of the 

singularity. 

1 
n+l [aasinrJ 

(2.5) 

where In is an integration constant that depends on the strain hardening exponent, n. 
Parameter a is derived from the Ramberg-Osgood power law equation and ff is a 

universal function that varies with polar angle 0, n and stress state and E is Young's 

modulus. A Ramberg-Osgood equation is given by 

n 
EQQ 

-=-+a - Eo 0o 

(wo 

(2.6) 

where ao is a reference stress value that is usually equal to the yield 

strength, c0 = Qo/E, a is a dimensionless constant and n is the strain hardening 

exponent. 

In a manner similar to the relationship between K and the elastic singularity, the J- 
Integral, defined by Rice [Rice, 1968] is a measure of the amplitude of the crack tip 
fields. It is noticeable that for n=1, corresponding to linear elastic material behaviour, 

equation (2.5) is identical to equation (2.3). The conditions where the elastic-plastic 
stress field in a cracked body corresponds to the HRR solution, as characterised by J is 

referred to as the J dominated region. Similar to the elastic solution as long as there 

exists a region of J dominance around the crack tip, the stresses can be characterised by 
the HRR singular solution. 

2.7 Effects of Residual Stresses on Fracture 

Since only mode I loading condition is considered for fracture in this research, the 
study of the effects of residual stresses on fracture focuses only on mode I. Residual 
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stresses have great influence on fracture behaviour of structures. For instance, the 

fracture of welded connections often occurs at loads drastically different from loads 

which would cause fracture in the same structure without a weld [Hill et al, 1999]. The 

most important reason for this phenomenon is the influence of residual stresses. Hill 

and co-workers [Hill et al, 1998] have shown the effect of welding residual stresses on 
J-Integral of the standard SE(B) and also pipe specimens. Such an effect is shown in 

Figure 2.16. They show the influence of residual stresses on parameter Q which is a 

representative of the constraint. The hatched band shows the largest J on each curve 

and indicates an alteration in amount of J in presence of residual stresses. Further 

evidence for the influence of residual stress is the variation of opening stress along the 

crack front in the specimens extracted from welded components. This causes problems 
in producing straight fatigue pre-cracks which has been observed by several researchers 
[Leggatt, 1981]. 

The tensile or compressive residual stress fields have a direct influence on the 

subsequent fracture behaviour of structures. For instance, there is experimental 

evidence available in the literature on the effect of prior over loading on the fracture 

behaviour in brittle fracture. Fowler [Fowler, 1998] and Smith and co-workers [Smith 

et al, 2004] have examined the effect of the warm pre-stressing (WPS) process on the 
fracture behaviour of A533B steel. Figure 2.17 shows the effect of prior overloading on 
the brittle fracture of thick SEN(B) specimens. In this figure the probability of failure is 

plotted versus fracture toughness. Their results show that prior overloading resulted in a 
dramatic enhancement in fracture toughness. Several factors have been considered for 

the effects of the WPS process, such as residual stresses and blunting or a mixture of 
both. However hadidi-Moud and co-workers suggest that residual stresses ahead of the 

crack are the dominating factor [Hadidi-Moud et al, 2004]. Warm pre-stressing or pre- 
loading is a technique that generates compressive residual stress as was mentioned 
earlier. These compressive stresses are in a direction normal to the crack plane. 

Another example of the effect of prior loading is cold expansion using a split sleeve 
process. This process generates a non-axisymmetric residual stress distribution around 
a hole [Lacarac, 2000]. Compressive residual stresses are around and at the hole edge. 
Again an enhancement in crack stress intensity factor following cold expanded process 
has been observed. 
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Tensile residual stresses can cause a significant reduction in resistance of brittle 

materials and must therefore be considered properly in any fracture mechanics analysis 
[Harrison, 1981]. These stresses can be generated from variety of different sources e. g. 
joining processes. In laboratory-scale testing tensile residual stresses maybe produced 

using different techniques as described earlier in section 2.2. 

Almer et al. [Almer, 1998] have produced tensile residual stresses ahead of the crack 

using the technique explained before. They showed that the induced tensile residual 

stresses increase fatigue crack propagation rate. In this case the structure can collapse 
by a load well below its design load. 

The traditional understanding is that only the opening mode residual stress will impact 

on the fracture process. Some believe that the residual stresses are triaxial and triaxial 

residual stresses will influence material behaviour at the crack-tip [Hill et al, 2000]. 

Triaxiality is also more commonly termed constraint, and has an effect on fracture 

behaviour. Hill et al. [Hill, 2000] suggest that the effect of residual stresses on brittle 

fracture is due to their effect on the crack driving force as well as constraint. Meith et 

al. [Meith, 2002] have also performed a limited study on the influence of tensile 

residual stresses following side punching on SEN(B) specimens and also reported 

reduction the apparent toughness. Figure 2.18 illustrates some of results from [Meith et 

al, 2002] suggesting that the residual stresses, following different levels of local 

compression (side punching), reduces the apparent fracture toughness. 

Sharples and co-workers [Sharples et al, 1993] have studied the effect of residual stress 
arising from welding on ductile tearing behaviour in aluminium plates. They introduced 

residual stresses in three pairs of aluminium plates made of two aluminium alloys, 
A12024 and A15083. The defect in the plates was machined after welding. They have 

reported that the results of ductile tearing experiments on pairs of plates (each pair 
consisting of one specimen with and one specimen without residual stresses) 
demonstrated a tremendous influence of the residual stress on load carrying capacity 
when the amount of plasticity was low (A12024) as shown in Figure 2.19. Thus the load 

carrying capacity of the stressed plate was generally lower than the plane plates. In 

contrast, the effect of residual stresses on load carrying capacity was small in the case 
of high plasticity (A15083) as reproduced in Figure 2.20. 
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It was also shown by Panontin and co-workers [Panontin, 1996] that the effects of 

residual stresses can be minimal when plasticity is widespread. Ainsworth and co- 

workers [Ainsworth et al, 2000] showed that under predominantly elastic conditions, 

residual stresses could significantly reduce the load carrying capacity. They examined 

the influence of residual stresses obtained from welding on large four-point bending 

A533B specimens. They compared the fracture toughness of as-welded state and 

specimens after post weld heat treatment procedure (PWHT) and observed a reduction 

in fracture toughness of as-welded specimens. 

Mirzaee-Sisan and co-workers [Mirzaee-Sisan et al, 2005] also have studied the 

influence of tensile residual stresses generated using in-plane compression technique 

[Sherry et al, 2000] to create tensile residual stresses ahead of the crack in SEN(B) 

specimens in A533(B) steel and has reported a dramatic reduction in apparent fracture 

toughness in the presence of tensile residual stresses. Their results are shown in Figure 

2.21. In their work, all the fracture tests have been carried out at low temperature to 

achieve cleavage fracture conditions. 

For LEFM, it is assumed that the effect of residual stress is simply an addition to the 

externally applied stress. This is assumed to be the position even when the combined 
total is equal or greater than yield [Harisson, 1981]. In this case, the total value of the 
linear stress intensity factor (SIF), K, due to residual stresses and mechanical load can 
be obtained by superposition, 

KApparent KResidual+KApplied, 

where KResidual and KApplied refer to stress intensity factor corresponding to the residual 

stresses and applied load respectively [Webster, 2000]. Outside LEFM the influence of 

residual stresses on fracture behaviour depends on the level of plasticity in the 

component. 

Cleavage fracture is controlled by a maximum principal stress, while ductile fracture 
initiates at a critical plastic strain. However, both can be affected by the hydrostatic 

stress which is a representative for stress triaxiality [Xu and Burdekin, 1998]. By the 
very nature of residual stresses, they can influence fracture through their effects on 
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constraint. It is suggested that study of fracture is not possible by using a single fracture 

criterion [Xu and Burdekin, 1998]. Triaxial residual stresses can affect constraint of the 

structures containing defects. The concept of T-stress as an indexing parameter to the 

effect of constraint has attracted great interest [Larsson, 1973]. Later O'Dowd 

[O'Dowd, 1994] advocated another parameter called Q as an indexing parameter to 

constraint. The parameter Q characterizes the magnitude of the hydrostatic stress ahead 

of the crack-tip. Either T or Q stresses may be used to study the constraint when 

appropriate. 

The application of standard J-value in presence of residual stresses is not 

straightforward. The integral is not path independent for a region containing residual 

stresses. A modified J integral has been presented [Lei, 2000] which can be used in the 

presence of residual stresses. Their modified J for residual stress is equivalent to the 

stress intensity factor K under small scale yielding conditions. 

2.8 Prediction of Cleavage Fracture Using the Local Approach 

Quantification of the enhancement in cleavage fracture toughness of ferritic steels has 

received great interest in light of its significance in the integrity assessment of such 

structures as pressure vessels. The prediction of fracture has been mostly carried out in 

the literature for the enhancement of cleavage fracture following pre-stressing. 

Rather than using the conventional fracture mechanics approach to predict fracture, 

Beremin proposed a statistical model to predict cleavage fracture [Beremin, 1983] in 

which the local stress field at the crack tip was used to characterise the fracture. A 

Weibull [Weibull, 1951] probability distribution was assumed and the fracture process 

was considered a weakest link phenomenon. This method uses the Weibull parameters 
[Weibull, 1951] fitted to fracture test results from round-notched bar (RNB) specimens 
[Beremin, 1983]. 

In essence, failure of a body of material was assumed to commence when the weakest 

reference volume failed. A modified Beremin model which includes a minimum 
threshold stress, Qm1n, below which fracture is impossible and failure does not occur 

unless a,, >Qmjn, is given by 

27 



' Chapter 2: LITERATURE REVIEW 

m 

Pr [af 1-1- exp - 
ýw amin (2.7) 

Lau 0min 

where a. , the Weibull stress, is defined as 

Ym 

a; Lev (2.8) 6w =1- 
fvp 

VD 

The Weibull stress, Qw, encapsulates the failure condition and is a function of a 

reference volume, V0, shape parameter, m, and maximum principal stress, al, 
determined within a volume of material which has undergone plastic deformation. The 

parameter au refers to the mean characteristic reference stress. Use of the local 

approach requires calibration of the Weibull parameters m, VO and Qu. It is suggested 

that when using these distributions as a local approach to fracture, the interaction 

volume should contain the near crack tip plastic volume, Vp [Hadidi-Moud, 2004]. 

Whether these parameters are geometry or temperature dependent is an ongoing debate 

[Mirzaee-Sisan et al, 2004]. Gao and co-workers [Gao et al, 1998] studied the 

calibration process for determination of the Weibull parameters using the fracture 

toughness test data. Their result demonstrated that the four parameters (m, Vo, of . and 

, amin) cannot be uniquely defined. They set Vo equal to 1 mm3 and calibrated the other 

parameters using test data for two different levels of constraint. 

Hadidi-Moud and co-workers [Hadidi-Moud et al, 2002] used the shape parameter, m, 
equal to 4 and calibrated the remaining parameters using the fracture toughness results 
for the as-received SEN(B) test specimens. One set of their calibrated parameters was 
VO =0.01mm3, Qu =8.75GPa and Qm1n =3.25GPa. Hadidi-Moud and co-workers also 

showed the non-uniqueness of Weibull parameters and differences in Weibull 
parameters calibrated to round notched bar specimens and compact tension, C(T), 

specimens. They [Hadidi-Moud, 2002] showed that the local approach could predict 
brittle fracture in specimens with residual stresses generated by warm pre-stressing 
when a compressive residual stress was present at the crack tip. 
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The local approach has been used in the current study to predict the effect of different 

residual stress fields on the cleavage fracture of a pressure vessel steel. This will be 

described in details later in chapter 5. 

2.9 Closing Remarks 

In summarising previous work carried out on residual stresses and their effect of 
fracture, the following features can be noted: 

1. In spite of published results on the influence of residual stress fields on fracture, this 
influence on fracture has not been consistently quantified experimentally and 

numerically. 

2. Both the magnitude and the extent of residual stresses contribute to the subsequent 
fracture. However the percentage of each contribution is not known. 

3. The interaction of different residual stress fields on each other is still unknown. 

4. The generation of a residual stress field in laboratory specimens is technically 
difficult and an ongoing research subject. 

5. The effects of side punching, as a residual stress generation technique on subsequent 
fracture, is still not completely understood. 

6. Prediction of failure in the presence of residual stresses is also an ongoing subject. 
The local approach technique has not yet been used for the prediction of fracture 
following interaction of residual stress fields. 

To conclude, there is still a need to introduce a known residual stress field within 
standard fracture test specimens and study the subsequent fracture behaviour. Thus this 
thesis has focused mainly on the following topics: 

a) the study of side punching as a residual stress generator technique in uncracked 
and cracked components. 
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b) the measurement of the induced residual stresses using different measurement 

methods. 

c) a study on the influence of different residual stress fields on fracture. 

The goal of the research described in this thesis was to develop a method to impart 

residual stresses within fracture specimens and study their effects of the fracture of 
brittle and ductile materials. 

.a1 
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3 NUMERICAL ANALYSES 

This chapter presents details concerning the prediction of residual stresses created by 

side punching and the interaction of residual stress fields from side punching and prior 

overloading. Also the prediction of failure in the presence of residual stresses is 

performed using a local approach. The chapter starts by defining an analytical solution 
for the elastic stress state in a half-space. This is used to benchmark the finite element 

predictions. Then side punching (SP) is used as a method to create residual stresses 

within uncracked and cracked specimens. The SP residual stress fields are studied 

through a parametric study. Then the development of double punching is described as a 

method to create residual stresses. A flow diagram is given next that illustrates the 

structure of the chapter. 
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3.1 Introduction of Residual Stresses into Specimens 

The phrase side punching used in this thesis is a generic name for creating residual 

stresses refers to the application of a flat-ended cylindrical punch on a specimen. An 

analytical solution for the stress state in an elastic-half space was used to validate 

elastic stresses obtained from finite element simulations. The analytical expressions 

were only developed for elastic stress for the case of a semi-finite (half-space) substrate 

[Mahmoudi et al, 2004]. Therefore a model of a flat-ended punch applied on a half- 

space substrate was simulated and the results compared with the analytical solution. 
Later the influence of remote boundaries on the elastic stress state was also studied. In 

particular the SP technique employed to induce residual stresses in plate and fracture 

specimens is discussed. Finally, the application of double punching to generate residual 

stresses in fracture specimens is described. The sensitivity of the residual stress fields 

in fracture specimens to the size and the position of the punch was investigated through 

a parametric study. 

3.2 Side Punching on the Elastic Half-Space 

3.2.1 Elastic Stress Field Caused by Indentation of a Punch 

Knowledge of the elastic stress field induced by a circular, flat-ended, rigid punch 
indenting an elastic substrate is required in many applications. In elastic indentation 

testing of materials, the indenter, although usually spherically shaped or in the form of 

a diamond, can be flat and circular in cross-section [Nepershin, 2002]. 

Boussinesq [Boussinesq, 1885] and Sneddon [Sneddon, 1946] have published solutions 
to this problem but they all require the numerical evaluation of certain integrals in order 
to deduce the internal stress field components. The analytical solution for the 
indentation of an elastic substrate by a circular, flat-ended punch is based on a half- 

space formulation of the substrate, and assumes the punch is rigid [Mahmoudi et al, 
2004]. 
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According to contact mechanics, the pressure distribution for axi-symmetric 
indentation of an elastic-half space by a rigid, flat punch is 

azz=2 
(a2-r2)ß (3.1) 

where a is the pressure distribution on the surface, P is applied force, 2a is the 

diameter of the punch and r is the radial coordinate which is the distance from the 

punch axis as shown in Figure 3.1. An analytical solution for interior elastic stresses 
has been proposed by [Mahmoudi et al, 2004]. The side punching will eventually be 

used to generate residual stress fields. 

The sequence of work presented in this section is to show the results of the closed form 

solution for the elastic stress field created by a circular, rigid punch indenting an elastic 

half-space and then benchmark finite element solutions against this analytical solution. 

Results are compared along two geometric lines. The first compares the direct stress on 

the surface of the specimen (z=0) and the second compares the stress along a line 

through the thickness of the specimen (r=a), directly underneath the edge of the 

indenter. This line was chosen as this position will eventually coincide with the 

position of the crack tip that will be introduced later. Numerical analyses are then 

extended to cases were the half-space assumption for the elastic substrate is relaxed. 
This is done in a systematic way, in the form of a parametric study into the effect of 

changing both the depth and the diameter of the substrate on the elastic stress state. 

The radial stress along line r=a is obtained from equation provided in [Mahmoudi et al, 
2004] and is given in Appendix A. Figure 3.2 (a) shows the numerical results of the 

normalized surface stress along direction normal to the surface, a2c JP against r/a 

and Figure 3.2(b) shows the normalised stress a2Q� /P against z/a. It can be seen that 

ago /P and a2Qr, /P are singular when r/a =1 and z/a =0 respectively. 

3.2.2 Elastic Half-Space Finite Element Modelling 

The finite element code ABAQUS/CAE6.3.6.3 [ABAQUS, 2002] was employed to 
simulate the elastic stress field within the half-space. During elastic loading of a half- 
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space by a circular flat-ended, rigid punch, a theoretically infinite stress exists at the 

punch corners. Nevertheless, this can potentially cause problems during finite element 
(FE) modelling, and it is imperative that care is taken to avoid any numerical errors in 

the proximity of the corner. Axi-symmetric models of half-space and punch were 

created, as a half-space can be considered as a large cylindrical substrate. The indenter 

was a circular, flat-ended, rigid punch. A linear elastic analysis was undertaken, and to 

allow, direct comparison with half space results, the dimension of the block, or 

substrate, were made large relative to the radius of the punch. Specifically, a block of 
diameter R=7a and depth D=10a was modelled. The dimensions were chosen to be 

large enough that the far field stresses are zero. Approximately 13000 axi-symmetric 

elements, CAX4R, were used in the FE model, with a refined mesh around the contact 

region, as illustrated in Figure 3.3. This equated to an element size of approximately 
0.01a. A symmetry boundary condition was applied to the bottom face, D=10a. The 

numerical modelling may thus be equally considered as simulating punching the top 

and bottom faces of a block of material of depth 2D. All the results are for an elastic 

material with the modulus of elasticity E= 72000 MPa and Poisson ratio of v=0.33. 
The material properties will be described later in section 2.3. 

The results of finite element elastic analyses along the two lines mentioned earlier are 
shown in Figure 3.2. Figure 3.2(a) shows the normalised surface pressure distribution, 

a2cr /P as a function of normalised radial coordinate, r/a, for both the analytical 

result and FE result. Figure 3.2(b) shows the normalised stress a2a�/P as a function 

of normalised depth coordinate, z/a, along the line r=a. Excellent agreement is evident 
between the analytical solution and FE results at all locations apart from very close to 
the punch edge where the surface pressure is singular, as seen by equation (3.1). 

3.2.3 The Effect of the Remote Boundaries on the Stress Field 

Of much greater practical significance is the stress field induced by a circular, flat- 

ended, rigid indenter in a block or substrate of finite dimensions. Not only is this of 
general interest, but it will also be used in the wider research programme as one part of 
the modelling of residual stresses in compact tension, C(T) specimens, through side 
punching. It is thus of paramount importance that there is absolute confidence in the 
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numerical results produced while modelling the elastic part of the loading of finite 

sized block of material. The half space assumption is therefore no longer valid and 

there are no analytical solutions to act as a benchmark for finite element results. 
Confidence in numerical results is provided by a) their agreement with analytical 

solutions when the substrate dimensions are large and b) a smooth change in the stress 

state as the dimensions of the block, or substrate, are reduced. 

A further complication arises when modelling laboratory sized specimens. A full three 

dimensional analysis is required, as the blocks are rectangular in shape and the model is 

not satisfied using axi-symmetric modelling. By using an axi-symmetric analysis, the 

blocks were implicitly assumed to be circular in geometry. A systematic study of the 

influence of boundaries was thus carried out. An axi-symmetric analysis, using the 

same mesh and boundary conditions described in the previous section, were undertaken 
to determine the effect of reducing D while holding R constant, and then reducing R 

with Da constant. A schematic presentation of this is shown in Figure 3.4. 

In the models D/a was varied from 10 (half-space) to 0.6, and results are displayed in 

Figure 3.5. Also R/a was varied from 7 (half-space) to 1.2 and results are illustrated in 

Figure 3.6. Figure 3.5(a) and 3.5(b) show the effects of remote boundaries on the 

surface pressure o and in-plane stress Q� for different depth of substrate 

respectively. Furthermore, figures 3.6(a) and 3.6(b) illustrate the effects of different 

diameter of the substrate with constant depth on the surface pressure QLZ and in-plane 

stress a, for respectively. The smallest dimensions were motivated by laboratory 

specimens, of width 60mm and thickness 15mm. This will be explained in the 
following sections. It can be seen that there is a relatively small change in the 

magnitude of stresses at the edge of the punch, but immediately beneath the indenter 

they are perturbed by up to 30% for D/a=0.6 and R/a=1.2. It can be observed that by 
decreasing the depth of the substrate, with constant R, surface pressure was increased 

and Qr, was decreased (see Figure 3.5(a) and (b)). This is almost true for the case of 
decreasing radius of the substrate, with constant depth, as illustrated in Figures 3.6(a) 

and (b). However a comparison between the results (in Figures 3.5 and 3.6) show that 
the sensitivity of the stress distributions in the substrate to the remote depth is more 
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than the sensitivity to the remote radius, as for the case of constant depth there is almost 

no change in stress distributions until the last size for the radius, 1.2 a. 

The amount of the load on the rigid punches for different sizes of substrate increased 

with the decreasing of the depth for penetration of 0.2mm within the half-space. In 

contrast, these forces decreased with the reduction of substrate radius. The applied 
loads in the finite element simulations are mapped in Table 3.1. 

In order to assess the influence of simultaneously changing D/a and R/a, a full three- 

dimensional elastic FE analyses was undertaken. Due to the symmetry, a quarter of 
block was simulated as shown in Figure 3.7. Thus symmetrical boundary conditions 

were used on the bottom face of the block and also on two symmetric faces. 

Approximately 12000 three-dimensional elements, C3D8R, were used. A highly 

refined mesh at the region under the punch was chosen to provide accurate stress data 

from FE analyses. A typical element size was approximately 0.06 a, six times larger 

than that used in the corresponding axi-symmetric analysis. 

First the results of three-dimensional half-space model were compared with the axi- 

symmetric and the analytical results. Figure 3.8 shows the results are generally in good 

agreement, except for small differences in ago /P near the edge of the indenter, and 

in distribution of a2cr /P at the surface. This is not unexpected due to the increase in 

element size, but the results are certainly close enough to provide confidence in the 

three-dimensional analyses. Figure 3.9 shows the effect of systematically varying RID 

with ratios of RID= 4,2 and 1 considered. Again the maximum deviation of the 

normalised stresses from the results predicted assuming an elastic half-space are never 

more than about 30%. As the dimensions of the substrate are reduced, it can be 

observed that there is a smooth transition in the stress state. 

3.3 Elastic-Plastic Analysis 

If yielding occurs during the loading phase, a residual stress field will remain upon 
removal of the load. As some laboratory specimens were fabricated from aluminium 
alloy 2650 (A12650), the material properties for this material were used in the elasto- 

37 



Chapter 3: NUMERICAL ANALYSES 

plastic FE simulations. The complete definition of properties of this material will be 

explained later in chapter 4. Al 2650 has a modulus of elasticity of 72 GPa, a Poisson 

ratio of 0.33, and a yield stress of 427 MPa. The stress strain curve for this aluminium 

alloy is shown in Figure 3.10. In this section only isotropic hardening behaviour was 

examined. During the simulations, the compressive loading was applied and increased 

until a prescribed level of penetration was introduced into the surface. Initially the axi- 

symmetric model was employed to carry out this simulation. The side punching process 

was in two parts, loading followed by unloading. The loading process can be performed 

in either load or displacement modes. In this research the input, which acts on the 

punching tools, is displacement. This input displacement is introduced on the reference 

point of the rigid punching tool. The loading continued until it causes plastic 

deformation within the substrate. Figure 3.11 shows the contours of Von-Mises stress 

for two different amounts of input displacements. The evolution of the yielded zone can 

be seen in Figure 3.11 (a) for 0.016 a penetration. Those parts of the substrate that are 

beyond the plasticity limit are shown as grey in the picture. It is also illustrated that the 

plasticity began from the regions in the vicinity of punching edge where the maximum 

surface pressure occurs. As the input displacement increased to 0.024 a, the plastic 

zone spread to the whole region under the punch. This is shown in Figure 3.11 (b). All 

the stress contours shown in Figure 3.11 are loading stresses. The unloading process is 

defined as a movement of the punching tool to its original coordinates. After unloading 

those parts of the substrate, which have remained elastic, tend to return to their original 

geometry. However, the plastically deformed part under the punching tool surrounded 
by the elastic parts cannot return to its original shape. 

This procedure is the initial stage of producing residual stresses. As a result of 

punching process there were large plastic deformations and the non-linear geometry, 
NLGEOM, module was activated. The friction between punching tool and specimen 

was assumed negligible. The experimental measurements of residual stresses in 

laboratory size specimens following side punching supported this assumption. This will 
be shown later in chapter 4. The residual stress distributions are shown in Figure 3.12 

for three different amounts of input displacements. The residual stress distributions are 

along the centre line of the punching tool within the half-space to show the depth of 

residual stress field. Figure 3.12 (a) shows the in-plane residual stresses, art , for three 

different levels of punch penetration, 0.016 a, 0.024 a, and 0.04 a. It is clear from the 
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diagram that the amount of residual stresses and the extent of their region were 
increased with the increasing penetration. However the results indicate that the in-plane 

residual stresses are bigger than those normal to the surface. Figure 3.12(a) also 
indicates a tensile residual stress field for about Z/a=0.2 below the punch and then 

compressive residual stress deep inside the body. These results are similar to the results 

of [Lee and Kobayashi, 1969] for a thick plate under side punching using a flat punch. 

Different material hardening models will be examined in these simulations later in 

section 3.4 where side punching is discussed as a method to create residual stresses in 

laboratory specimens. By considering the dimensions and material properties of a 

practical specimen, the implications of the previous sections will be used to examine 
how the side punching technique is used to generate residual stress fields in laboratory 

specimens. This is explained in the next section. 

3.4 Generation of Residual Stresses Using Side Punching on 
Uncracked Specimens 

Side punching technique using flat-ended punches was employed to generate residual 
stress field in laboratory specimens. First this method was tried on an uncracked plate 
and the residual stresses studied. Side punching was then examined on cracked 
specimens and the induced residual stress fields ahead of the crack were studied. Also 
the special case of side punching in creation of residual stresses using double punches 
was investigated. Parametric studies in the application of side punching provided 
interesting information. The induced residual stresses by side punching in fracture 

specimens were then used to study the influence of the residual stresses on the 

subsequent loading in different materials. Finally, finite element analyses were 
performed to predict fracture using the local approach. 

3.4.1 Axi-symmetric Modelling of Side Punching on an Aluminium Plate 

The smallest dimensions of the substrate that was examined in section 3.2 were R/a=2.4 
and D/a=0.6. Figure 3.13 shows contour plots of the normalised elastic Von-Mises 

stress, ago /P 
, underneath a circular, flat-ended, rigid indenter for a block of 
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dimensions R/a=2.4 and depth D/a=0.6 (RID=4). It should be remembered that this set 

of boundary conditions produces results which are identical to punching from both 

surfaces of a specimen with a depth of 2D. An estimate of the load required to create 

plastic flow, and hence generate a residual stress field, and the position of the residual 

stress field may be obtained from Figure 3.12. The relatively large size of the yielded 

zone in relation to the dimensions of the specimen, and relatively low load required to 

cause the yielding, suggest that side punching is a suitable method for introducing 

residual stress fields into laboratory specimens. 

The size of the punch diameter was due to the limitation of experimental facilities, as 

the intention was to examine the side punching technique experimentally. Further 

details will be explained later in. chapter 4 where the experimental results are presented 

and discussed. Thus a 25mm diameter punch was chosen as the maximum diameter 

size for the punch that can be applied experimentally later. In this case the size of the 

plate (substrate) was 62.5mm x 60mm x 15mm. At this stage of the process the 

punching process was performed by two punching tools from both sides of the plate. 
For a simple simulation of the punching, an axi-symmetric model was created. The 

punching process was in two parts, loading followed by unloading. Again the loading 

process was performed using displacement mode. Axi-symmetric elements were 

employed to create the mesh within the specimen as shown in Figure 3.14. Due to 

symmetry only one of the punching tools was simulated and input displacement of 
0.2mm was applied on its reference point. To avoid sharp edges, a small fillet (0.2mm) 

was introduced on the edge of the punching tools where they touched the specimen. 

The impression (punching imprint) created by the punching tools in the experimental 
tests, visible on both side of the specimen, confirmed that permanent plastic 
deformation had occurred during the loading step. The degree of indentation was 
defined as the percentage of permanent reduction in the plate thickness. The percentage 

of indentation was calculated using 

reduction in thickness after unloading indentation = X100 (3.2) 
original thickness 
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The indentation created by the simulation shown in Figure 3.15 was 1.6%. This 

corresponded to 0.12mm on each side of the specimen. Results showed that the 
imposed indentation produced a compressive residual stress field in the region under 
the punching tools in radial and normal directions. The residual stresses along radial 
(direction y) and normal (direction z) directions are illustrated in Figure 3.16. As it was 

mentioned earlier, the model contained half of the plate thickness, however the full 

thickness stress distributions are shown in the Figure 3.16. This is because the data 

were mirrored for the other half of thickness. 

These stresses are along a path in the centre of the plate. It is clear that both 

components of residual stresses are compressive through the thickness. Also the 

magnitude of compressive residual stresses in the middle thickness is more than those 

close to the surface. 

The equivalent plastic strain contour shows material between the punching tools has 

been yielded throughout the thickness of the specimen. This is illustrated in Figure 

3.17. The grey area in this figure displays the plastically deformed area. The interesting 

point is that the residual stresses are compressive through the thickness of the plate in 

the region under the punch. Therefore the equilibrium of residual stresses occurred 
further away from the punched area. This will be shown in the next section. The next 
section illustrates the 3D simulations of the punching process of the plate which 
produce similar results. 

3.4.2 Three Dimensional Modelling 

As the experimental plate was a rectangular specimen and the axi-symmetric model can 
only simulate a circular plate, a three dimensional, 3D, simulation of side punching on 
the aluminium plate was performed. The details of the model are presented here and the 
results are compared with the axi-symmetric results. 

3.4.2.1 Symmetrical Planes and Mesh Refinement 

To simulate an application of two punching tools on to a 60 mm x62.5 mm xl5mm 
untracked plate from both sides, a 3D model was created. Figure 3.18 illustrates that 
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there are three symmetrical planes. Each symmetrical plane is normal to one of the 

axes, x, y and z. As a result of symmetry only one eight, 1/8`h, of the plate and one 

punching tool was modelled. To create a reliable 3D model of the punching process, a 
large number of hexahedral elements, approximately 10000 elements, with eight nodes, 
C3D8R, were employed using a 3D rigid punching tool as shown in Figure 3.19(a). 

Also quadrilateral elements were employed and the results showed negligible 
difference with the results using hexahedral elements. One assumption was to use a 

solid punching tool however the real punching tool was deformable. Both solid and 
deformable punching tools were modelled as shown in Figure 3.19(b). The material for 

the punching tools will be explained in chapter 4. 

3.4.2.2 Residual Stress Distributions 

The in-plane residual stress distributions, Qmm,, with the same amount of indentation 

using solid and deformable punching tools are compared in Figure 3.20(a). Figure 

3.20(b) compares the residual stress distributions normal to the surface of the plate and 
through the thickness of the specimen for these two models. The intention was to have 

the same amount of indentation in both models, however this was quite difficult to do. 

The reason was that the input displacement in the case of solid punch model was 

applied on the reference point of the solid punch whereas in the deformable punching 
tool it was applied on the upper surface of the punch. This might explain the small 
deviation between the results of two models. 

Also the results of both axi-symmetric and 3D models were compared. Figure 3.21 
indicates small differences in the results around the plate surface. The element sizes in 

the 3D model was less than those in axi-symmetric one. The hardware limitation and 
long runtime are some of the factors that limited the number of elements in 3D 

simulations. This might explain the difference between the results of axi-symmetric and 
3D simulations. 

As a result of equilibrium, the magnitudes of both components of residual stresses, a 

and Qu, were changed in the region outside of the central core. This is presented in 

Figure 3.22 which displays the in-plane residual stress distribution along x axis. It can 
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be seen that the direction of these components of stress was changed to tensile outside 

of the punched area. In the next section, the influence of hardening behaviour of 

material on the residual stress fields following side punching is investigated. 

3.4.2.3 Material Hardening Effect 

It will be explained later in the chapter of experimental results (chapter 4) that the finite 

element results using isotropic hardening behaviour of the material showed limited 

agreement with the experimental findings for aluminium alloy 2650. Therefore two 

other hardening models for this material, kinematic and combined hardening, were 

examined and the resulting residual stresses were compared. The theoretical 
background of different hardening behaviour is given in Appendix B. A combined 
hardening model that more accurately describes the material behaviour during 

compressive loading is available in the commercial finite element code, ABAQUS. The 

stress strain curves of aluminium alloy 2650 used in the FE models is shown in Figure 

3.10. The material models are explained in detail later in chapter 4. 

Figure 3.23 displays the distributions of the in-plane, a»,, and normal, o, residual 

stresses through the thickness of the plate for three different material hardening models. 
The use of kinematic hardening indicated a small reduction of 3% in the amount of 
compressive residual stresses. However combined hardening showed higher reduction 
around 12% on the compressive residual stresses. The reduced amount on the 

maximum compressive residual stresses was around 35 MPa. 

Furthermore, the different amount of indentation can produce different levels of 
residual stress fields. A larger compressive load applied on the punching tools results in 

a higher level of indentation. This will be discussed in the next section. 

3.4.2.4 Effect of Level of Indentation 

To study the effect of different levels of indentation on distributions of residual 
stresses, three levels of indentations were examined, 1.2%, 1.6% and 1.9%. The 1.9% 
indentation was the maximum level of indentation achievable with the available 
hydraulic rig (500 kN load limit). Figure 3.24 illustrates the distributions of normal, 
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a., and in-plane, o, residual stresses. Isotropic hardening model of Al 2650 was 

used in these simulations. Results showed different levels of indentations had stronger 

influence on the in-plane residual stresses in comparison with the normal residual 

stresses. For example, the results show that a 0.7% reduction in the amount of 

indentation, i. e. 1.2% compared to 1.9%, decreases the maximum in-plane residual 

stress in an uncracked plate by around 15% (55 MPa). 

A comparison between the effect of indentation level and different hardening models of 

materials shows that they both affect the residual stress distributions. The results show 

1% difference in the indentation level can alter the peak of residual stresses by around 

20%. Although there are uncertainties in the level of indentation produced 

experimentally, the level of uncertainty is not higher than 0.2%. This can result in 

altering the peak residual stress by around 4%. 

All the analytical and FE studies that have been performed so far provide confidence in 

the simulations of the side punching process and demonstrate that the side punching 

technique generates residual stress fields. The next stage of this research programme 

was to examine the application of the side punching process to fracture specimens. This 

is investigated in the next section. 

3.5 Side Punching on Cracked Specimens 

As there are limited symmetry planes for the case of modelling fracture specimens, 

C(T), all simulations will be performed using 3D models. Details of all fracture 

specimen simulations are explained in this section. To examine the influence of 

residual stresses on the fracture behaviour of materials, it was decided to introduce 

residual stresses in compact tension, C(T), specimens using the punching process. 
Throughout this study, standard C(T) specimens were used in the simulations and also 
for the subsequent fracture studies. This section will concentrate on the details of the 

finite element model of the C(T) specimens and the application of punching process. 

The model of the C(T) specimen was based on the specimen size used in standard test 

method for plane strain fracture toughness of metallic materials [ASTM, 1996] as 

shown in Figure 3.25. The C(T) specimen was modelled with 15 mm thickness for 
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Aluminium alloys specimens and 25 mm thick C(T) for steel specimens. The finite 

element solutions employed ABAQUS and a non-linear large strain formulation. A 

three dimensional FE model of C(T) specimen was created using the CAE pre- 

processor. The model used eight-node hexahedral, C3D8R, elements with reduced 

integration. The details of the model are discussed in the next section. The amount of 

indentation was approximately 1.6% which was consistent with the indentation on the 

plate specimens presented in the previous section. However in the cracked specimens a 

non-uniform deformation occurred across the surface. The level of indentation was 

slightly higher around the crack tip. The difference was about 0.15% of indentation as 

shown in Figure 3.26. The judgement of the level of indentation in the cracked 

specimens was based on the level of indentation near crack tip area. 

3.5.1 Symmetrical Planes and Mesh Refinement 

The presence of two symmetrical planes in the C (T) specimen leads to simulation of 

one quarter of the specimen instead of the whole geometry. Figure 3.27 illustrates the 

symmetrical planes. 

A very fine mesh was generated around the crack-tip (0.1mm) as shown in Figure 3.28 

(a) and (b). This refined mesh was chosen to provide accurate stress and strain data 

from FE analyses. Fifteen elements were used through the thickness of the model. 
Therefore the width of each element was 0.5 mm. The total number of elements of the 
C(T) model is approximately 11000 elements. The model of the punching tool was 

rigid and similar to that used in the uncracked plate simulation. To avoid sharp edges, a 
0.2 mm radius of the rounded edge for punching tool was modelled in this simulation. 

The boundary condition for the symmetry plane 1 (Figure 3.27), where it is assumed 
that the crack will propagate in this plane during the fracture tests, is normal to the axis 

y as shown in the figure. For the symmetry plane 2, the boundary condition is normal to 

the axis z. Thus the boundary conditions for these symmetrical planes are: 

Plane 1: Uy=URx=URZ 

Plane 2: UZ=URx=URy 
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where U, and URS are displacement along axis i and rotation around axis j respectively. 

The displacement controlled mode were used to apply input on the punching tool. In 

this case, there is an uncertainty about fixed point along axis x as no boundary 

condition was defined along this axis. Thus one node was fixed along axis x. Different 

fixed nodes along axis x were examined to find the best position to fix the node along 

the crack line direction and the results showed that the position of the fixed node does 

not affect the residual stress distribution around the crack-tip. Figure 3.29 shows the 

results of the residual stresses for two different fixed points. It is apparent that different 

fixed points along axis x, have no influence on the residual stresses in the ligament of 

the C(T) specimen. 

Preliminary results indicated that the residual stress distributions were very sensitive to 

the size and the position of the punching tool. To study the influence of the size as well 

as the position of the punch on residual stress fields a parametric study was preformed. 
The details of this parametric study will be discussed later in section 3.6. The residual 

stress distributions following side punching process will be discussed later where the 

results from a parametric study are presented. The next section describes a novel 

method of using double punches to create residual stresses in the fracture specimens. 

3.5.2 Side Punching Using double punches 

A new configuration of side punching technique involving two punching tools was 
developed to achieved two aims: firstly, both compressive and tensile residual crack tip 

stress fields may be introduced into the fracture specimens without the crack tip region 
being compressed. Secondly, the area of the punching is removed from the vicinity of 
the crack tip so that the accumulation of plastic strains adjacent to the crack tip is lower 

than the case of single punch. These two are described in more detail in section 3.5.4. 

Double punching technique is the application of two punching tools on each side of the 
C(T) specimens. The principle of the double punching technique is the same that was 
described earlier for the single punch. Two flat-ended cylindrical punching tools 

applied on each side of the specimen simultaneously as shown schematically in Figure 

3.30. 
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The details of the finite element model of the application of double punch are very 

similar to that described for the single punch. Again the model of a standard C(T) 

specimen [ASTM, 1996] was used. In the case of using double punches only a 15mm 

thick C(T) specimen was modelled for aluminium alloys specimens. Figure 3.31 

illustrates the model that was employed for the double punching simulation. To be able 

to compare the residual stress fields between two cases of single punch and double 

punches, the same amount of indentation was simulated following the application of 

two punching process. 

Again the results indicated that residual stress distributions following the application of 

the double punches were strongly dependent on the size and the position of the double 

punches. These distributions of the residual stresses are discussed in the next section. 

3.5.3 Parametric Study of the Side Punching Technique on C(T) Specimens 

In this section, the parametric study performed for the side punching technique using 

single and double punches will be described. The magnitudes and distributions of the 

residual stresses depended strongly on the size of the punch as well as its position on 

the specimen. Distributions of residual stresses following the application of single and 
double punches are also described in this section. 

3.5.3.1 Single Punch 

As this research consisted of tests to establish how fracture toughness is modified by 

the presence of tensile residual stresses, FE simulations were carried out to introduce 

tensile residual stresses ahead of the crack-tip using the side punching process. A large 

number of simulations were performed using different punching tools in different 

positions. 

To specify the position of the punching tools, a dimensionless parameter was 
introduced. The relative positions of the punching tools and the specimen were 

characterised by (x/R) where, x, is distance between the centre of the punching tool and 
the crack-tip and, R, is the radius of the punching tool as detailed in Figure 3.32. In this 
figure `a' is the crack length, which is 25mm. In the case of simulation of a quarter of 
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the specimen, the loading process should be symmetrical. In other words, the punching 

tool was moved only along the crack line to assess different positions, and it was 

decided to punch the specimen in four different positions along that line. Figure 3.33 

shows relative positions of the punching tool with respect to the crack-tip. The first 

position corresponded to x/R equal 1.0, which means the edge of the punching tool was 

tangential to the crack front. The punching tool was then moved toward the crack-tip 

and positioned at x/R equal 0.75 and 0.5. The last position is where the centre of the 

punching tool was located on the crack-tip (x/R=0.0). The parametric study was carried 

out with the A12650 alloy and isotropic hardening model. For these studies three punch 

tool diameters, 2R, was used as follows; 

In order to study the size of the punching tool on the residual stresses, three different 

punching tools were simulated using the same model for C(T) specimen. The size of 

the punching tool can be normalised by the thickness of the specimen, 2R/t, where 

again R is the punching tool radius and t is the thickness of the C(T) specimen. The 

normalised parameters (2R/t) for the punching tools are 1.6,1.0 and 0.5 for 25mm, 

15mm and 7.5mm diameter punching tools respectively. Three punching tools are 

shown in Figure 3.34. The reasons for choosing the sizes of the SP tools was in relation 

with the specimen thickness and ligament. The diameter of the smallest punching tool 

was half of the specimen thickness, one was equal of the thickness and the largest 

diameter was equal to the specimen ligament. The indentation level was set to 1.6% for 

all simulations. 

The residual stresses from the FE analysis were studied in terms of both distributions 

and contours. A summary of the parametric FE studies is shown in Table 3.2. In 

discussing the residual stresses, attention is focused on the stress component normal to 

the crack plane, an,, since this components opens and closes the crack. Figure 3.35 

indicates the extent of tensile residual stresses normal to the crack plane for 25mm 

(2R/t=1.6) diameter punching tool positioned at four different positions relative to the 

crack tip. The contours of tensile residual stresses for 15 mm and 7.5 mm punching 
tools are also available in Figure 3.36 and Figure 3.37. 

Entirely tensile residual stresses are illustrated in Figures 3.35 to 3.37 by grey. 
Compressive residual stresses are shown as colour contours. The contours show that 
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punching of a specimen using a 25 mm punching tool created the largest area of tensile 

residual stress ahead of the crack-tip and the extent of tensile residual stress region was 

completely through the thickness of the plate. As the tool centre-line moved towards 

the crack tip the region of tensile residual stress along the crack front decreased. For 

example when the tool centre-line was directly over the crack tip only about one half of 

the crack front had tensile residual stress, and the centre section of the specimen was in 

compression. 

The results (Figure 3.36) from using a 15mm punching tool (2R/t=1.0) revealed a 

complicated residual stress field with a large area of tensile residual stresses ahead of 

the crack tip. When the edge of the tool was directly over the crack tip tensile residual 

stresses (Figure 3.36a) were developed near the centre of the specimen along the crack 
front. However, near to the surface (on the crack front) compressive residual stresses 

were evident. In contrast, when the centre of the tool was directly over the crack tip 

(Figure 3.36d) compressive residual stresses were generated all along the crack front. 

The tensile residual stresses resulting from the 7.5 mm punching tool (2R/t=0.5, Figure 

3.37) were only in the middle part of the thickness for all four different positions, 

although compressive residual stresses were produced in the area near the surface. The 

residual stress field produced by 7.5 mm punching tool can be used to simulate residual 

stresses of a welded part, as it is similar to the weld residual stresses through the 

thickness. 

The results for all three punching tool sizes (2R/t=1.6,1.0 and 0.5) proved that the best 

position that produced the largest extent of tensile residual stresses, is when the largest 

punch (2R=25mm) was positioned at x/R=1.0. Figure 3.38 indicates the residual 

stresses resulting from three punch tools positioned at x/R=1.0. The 7.5 mm punching 
tool produced greater tensile residual stresses in the middle of the specimen however it 

produces the greatest compressive residual stresses on the surface. Figure 3.39 

compares the results of different positions for 25 mm punching tool. The highest level 

of tensile residual stress in the centre of the specimen and 6mm away from the crack-tip 
was achieved when the punching tool was positioned at x/R=1.0. The situation was 
different on the surface. The 25 mm punching tool produced compressive residual 
stresses for 0.2 mm away from the crack-tip and tensile residual stresses further away. 
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Finally it is evident that the greatest tensile residual stress field normal to the crack was 

produced by the 25 mm punching tool (2R/t=1.6) positioned at the x/R=1.0. Figure 3.40 

shows the distribution of the other components of residual stresses, a. and a.. All 

three components of residual stresses are tensile at x/R=1.0. High levels of tensile 

residual stresses along directions y and z can be seen in this figure, however it shows 

lower level of tensile residual stresses along direction x. 

It was expected that the tensile residual stress field would change fracture toughness 

dramatically. As a result of the FE analysis it was decided to use 25mm diameter 

punching tools in the experiments. The experimental tests were designed to verify this 

idea and they will be described in chapter 4. 

The simulation of side punching using single punch was examined on A508 steel C(T) 

specimens. Finite element model of a 25 mm thick A508 steel C(T) specimens were 

created. The stress strain curves for A508 steel at room and low temperature are shown 

in Figure 3.41. This material has a yield stress of 430 MPa at room temperature. The 

smallest element size in the planes normal to the crack plane was no more than 0.05 

mm in each direction. The models had 16 layers of elements in their thickness 

direction. 

Findings from the finite element parametric study described above were used here for 

the thicker steel C(T) specimens to generate tensile residual stresses ahead of the crack. 

Thus the 25mm diameter punching tool (2R/t=1.0) was applied with edge of the tool 

tangential to the crack tip at x/R=1.0. As the specimen was thicker, a slightly higher 

level of indentation was chosen. The level of indentation was 2%. In the simulation 

isotropic hardening model of A508 steel was used. 

Examining the contour of residual stress normal to the crack plane (Figure 3.42) 

indicates tensile residual stresses regions are almost similar to those contours for 

aluminium C(T) specimens around the centre of the specimen. However a greater 

compressive residual stress region close to the surface of the specimen was present. In 

the centre of specimen the distribution of all three components of residual stresses, 

shown in Figure 3.43, were similar to the case of A12650 15mm thick C(T) specimens. 
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Again two components of residual stresses, cry, and o were highly tensile at more 

than 600 MPa and the level of third component, o9 was lower at around 150 MPa. 

A simulation was performed on fracture components with a blunted crack tip for a 

punched specimen with 25mm punch (2R/t=1.6) positioned at x/R=1.0. The diameter of 

the notch tip was simulated equal to 0.15mm. The results showed that the residual 

stress distributions following side punching are exactly the same apart from the first 

two elements (with the size of 0.1mm) as shown in Figure 3.44. 

A parametric study was performed for the double punches to study the influence of the 

sizes and the positions of double punches. This will be presented in the next section. 

3.5.3.2 Double Punches 

As was mentioned earlier, it was decided to move the punching area away from the 

crack tip region. This was because the plastic strain in the case of single punch around 

the crack tip was high. 

To achieve these objectives, a double punching tool, as shown in Figure 3.30, was 

applied simultaneously to both faces of the fracture specimen. The study of the 

application of a double punch was focused on t=15mm Aluminium 2024 specimens. 

The details of the technique and the model were described earlier in section 3.5.2. Here 

the results of the parametric study on the double punching technique are presented. The 

study of double punch was performed using aluminium material properties as shown in 

Figure 3.45. 

Table 3.3 summarises the parametric study for double punch. A parametric study was 

again carried out to assess the influence of punch position and size on the residual 

stress field. Again results revealed that the size and the position of the punching tools 

had a strong influence on the magnitude and distribution of the residual stress field. In 

discussing residual stresses, attention is again focused on the stress component normal 

to the crack-plane, o r, . 
Three different sizes of double punching tool diameter were 

examined, 25 mm, 20 mm and 15 mm. The finite element results showed that the 

application of double 25mm punches needed a compressive load of around -600 kN. 
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This compressive load is in excess of the capability of the available test machines (-500 

kN) and therefore the parametric study was continued to consider only two punches, 20 

and 15mm. 

The two sizes of double punch in different positions in front and behind the crack tip 

were examined. The same dimensionless parameter, x/R was defined using the relative 

position of the punching tool and the crack tip in the specimen. This time the punches 

were moved on both sides of the crack tip, front and back, along a line parallel to the 

crack line. Positive values of x indicated the punch was in front of the crack, and a 

negative value when positioned behind the crack as shown in Figure 3.46. The position 

of the punches along the line normal to the crack plane was characterised by y/R, where 

`y' is the distance between the centre of the punches and crack line. For 20mm double 

punch (2R/t= 1.3) the positions along x/R equal to 1.3,1.0,0.75,0.5 and 0.0 for tensile 

residual stress and -1.0, -0.75, -0.6, -0.5 and 0.0 for compressive residual stress at the 

vertical position ofy/R=1.2 were examined. For 15mm double punch (2R/t-- 1.0) values 

of x/R=1.0,0.75,0.5 and 0.0 for tensile residual stress and values of -1.0, -0.75, -0.5 
and 0.0 for compressive residual stress vertically positioned at y/R=1.2 were studied. 
The change in vertical position where y/R=1.5 was only applied for two positions 
(x/R=1.0, -1.0) for both sizes of punches, as the two positions produced the highest 

tensile and compressive level of residual stresses respectively. The indentation levels 

for all simulation was 1.6% equal to the indentation of single punch simulations on 
C(T) specimens. Also all simulations were carried out using Al 2024 material 

properties with isotropic hardening model, as the experiments on double punch were 

carried out using Al 2024. This will be explained later in chapter 4. 

3.5.3.3 Tensile Residual Stress Distributions Using Double Punch 

The finite element results revealed that by using double punches both tensile and 

compressive residual stress fields were introduced into the region ahead of the crack. 
The colour contours of the parametric study for 20 and 15mm double punches are 
shown in Figures 3.47 and Figure 3.48 which are for four positions, x/R=1.0,0.75,0.5 

and 0.0. Grey regions indicate tensile residual stress field and coloured regions show 
compressive residual stresses. Complete tensile residual stress through the thickness 
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was achieved by positioning the punch at x/R=1.0. The vertical position of all cases was 

y/R=1.2. 

The results of positioning double punches in front of the crack tip are available in 

Figure 3.49 and Figure 3.50. Again it can be seen that when the 20mm tools were 

positioned at x/R=1.0, the largest tensile residual stresses were produced as well as 

producing the greatest extent of tensile residual stress field ahead of the crack tip. For 

the case of 15mm double punch, positioning the punches at x/R=1.0 produced the 

largest magnitude of tensile residual stresses. However the extent of tensile residual 

stress field was larger for the positions x/R =0.75 and 0.5. 

3.5.3.4 Compressive Residual stress Distributions Using Double Punch 

The double punches were then moved behind the crack tip. Again the contours of 

parametric study for the generation of compressive residual stresses using both sizes of 

double punches (2R/t=1.3 and 1.0) positioned at x/R=-1.0, -0.75, -0.5 and 0.0 are shown 

in Figure 3.51 and Figure 3.52. The results show that both sizes of double punches 

positioned at x/R=-1.0 produce the largest region of compressive residual stresses. 

However the regions of compressive residual stresses close to the surface were small 
for both punch sizes. 

The residual stress distributions obtained from 20mm double punch are illustrated in 

Figure 3.53. The findings indicate that the greatest compressive residual stress field is 

generated if the edge of double punches are positioned at x/R=-1.0. Figure 3.54 shows 

that for the case of 15mm double punch the same position produces largest magnitude 

of compressive residual stresses. However the magnitude of compressive residual stress 

at x/R=-1.0 was lower than the magnitude of tensile residual stresses produced when 

x/R=1.0 

The results of parametric study for two sizes of double punches, 20 mm and 15 mm, 

were compared for positions x/R=1.0 and x/R= -1.0 both at vertical position ofy/R=1.2. 
Figure 3.55 illustrates the distributions'of normal stresses for both positions mentioned 

above. It can be seen that the 20 mm double punches introduced a greater tensile as 

well as compressive residual stresses ahead of the crack compared with the 15 mm 
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punches. Therefore, the 20mm double punches were employed for the experimental 

tests. 

In line with the parametric study, the effect of changing the vertical positions of the 

double punches on the residual stresses was examined. The results of two different 

vertical positions, y/R=1.2 and y/R=1.5, for 20mm double punch (2R/1=1.3) are shown 
in Figure 3.56. First position leaves a 4mm gap (y/R=1.2) between the pair of double 

punches while this gap for the second position was 10 mm. The results showed that 

with y/R=1.2 the double punches generated higher levels of both tensile and 

compressive residual stresses. Consequently, the residual stress distributions are 

sensitive to the vertical positioning of the punches as well as to the position in front or 
behind of the crack. 

3.5.4 Comparison of Single and Double Punch Results 

The results of the residual stress distributions were compared between the applications 

of single and double punches on Aluminium 2024 15mm C(T) specimens. Figure 3.57 

illustrates the tensile residual stresses ahead of the crack in the centre of the specimens. 
The same material properties were used in both simulations using isotropic hardening 

model. It can be seen from the figure that, in terms of generation of tensile residual 

stresses, a set of double punches produced higher level of tensile residual stresses 

whereas the single punch produced a greater extent of these stresses. 

Furthermore, the magnitude and the extent of the level of plastic strains ahead of the 

crack tip were compared following the application of both single and double punches. 
The comparison was performed using equivalent plastic strain, £peeq, as shown in Figure 

3.58 where, 

dSpeee =3 
[(1peii 

-dspe22 +(dCne22 -dspe33 +(dCpe33 -dspeii)J (3.3) 

where depe;, is the plastic strain increment in i direction. For the case of the double 

punch much lower plastic strains were created compared to those after side punching 
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using single punch. The reduction in plastic strains was approximately 75% by using 

the double punch. - 

3.6 Generation and Interaction of Residual Stresses Using Prior 

Overloading 

3.6.1 Prior Overloading Residual Stresses 

Prior overloading at room temperature is another method of introducing near crack tip 

residual stresses. Prior loading generates residual stress as a result of non-uniform 

plastic deformation local to the crack tip. This is illustrated in Figure 3.59. Also if there 

are pre-existing residual stresses then proof loading or over loading can mechanically 

relieve residual stresses and lead to changes in their magnitude and distribution. This 

section deals with generation of residual stresses at a crack tip. The next section 

explores what happens when residual stresses are already present and the overloading 

modifies them. 

Here a model of the A508 steel C(T) specimen that was subjected to the prior 

overloading, to study the residual stress distributions. The details of the model are 
similar to the one described earlier in section 3.5.3.1. The loading process in the finite 

element model was performed by applying a distributed load on the centre line of the 
loading hole in the C(T) specimen. The simulation of the prior overloading process was 
carried out using room temperature material properties for A508 steel. Attention was 
focused on the residual stress fields in the centre of the C(T) specimen. 

The amount of load for prior overloading in the simulation was chosen based on a 
preliminary experimental test result which was carried out at room temperature on a 
25mm C(T) specimen. In the experimental tests prior overloading was used to study 
cleavage fracture post overload. It will be shown later in chapter 4 that sufficient 
plasticity was obtained at load level of 62.5 kN based on the load displacement curve of 
preliminary prior overloading test. It was judged that sufficient plasticity had been 

produced by the deviation from linear response of the load-displacement curve. Smith 

and co-workers [Smith et al, 2004] chose a experimental value of the load at which 
there was a 0.2mm deviation from linear response of the load versus crack mouth 
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opening displacement for an A533B steel. The deviation from the linear response here 

was around 0.25mm on the load line displacement. The loading process was carried out 

under displacement control. However during unloading process the control module was 

on load, in order to decrease the load to zero and perform the unloading process. Figure 

3.60 shows the colour contours of the normal residual stress following prior 

overloading. The extent of compressive residual stress is in colour. 

Figure 3.61 illustrates the residual stress distributions for 5mm of the ligament starting 
from the crack tip after an overloading process on the steel specimen. It can be seen 
from this figure that all three components of residual stresses have relatively high 

compressive level in the vicinity of crack tip. a », 
indicates a dip of -1500 MPa. This 

stress remains greater than -500 MPa for a distance of 1 mm away from crack tip. The 

crack tip stresses for the whole loading cycle of loading-unloading-cooling-fracture, 

LUCF, will be discussed in the next section. 

Similar analyses were conducted by Fowler [Fowler, 1998] and Smith and co-workers 
[Smith et al, 2004] to study the generation of residual stresses using prior overloading. 
They studied both numerically and experimentally the cleavage fracture response 
following warm pre stressing of two steel, BS 1501 and A533B. They carried out finite 

element analyses of prior overloading on SEN(B) and C(T) specimens. In their results 

similar compressive residual stresses near the crack tip (up to about -1500 MPa for 
isotropic hardening model) were shown after overloading. 

3.6.2 Side Punching followed by Prior Overloading 

To study the interaction of two residual stress fields, one from side punching (SP) and 
the other one from prior overloading (LU), a FE simulation was performed containing 
several steps for simulation of the side punching before overloading. The interaction 
between two residual stress fields was performed using A508 material properties with 
an isotropic hardening model. The side punching process was performed in two steps, 
loading and unloading using 25mm single punch (2R/t=1.6) positioned at x/R=1.0. The 
level of indentation was 2%. The loading in the overloading process following side 
punching was performed again in two steps, loading and unloading. The amount of load 

was equal to 62.5 kN similar to the load in the previous section for prior overloading. 
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Figure 3.62 compares the distributions of residual stresses after side punching and 

overloading and also the interaction of both. It can be seen that the residual stresses 

from SP and SP+LU are similar which means that the residual stress from side 

punching was wiped out by overloading at 62.5 kN. This suggests that the overloading 

completely changed the state of the residual stress field left from side punching. 

Redistribution of the side punching residual stresses by prior overloading was 

examined also for aluminium 2650 C(T) specimens. The same size (2R/t=1.6) and 

position (x/R=1.0) of the single punch was used similar to the steel specimen. The level 

of indentation was 1.6%, similar to the prior aluminium specimens. The overloading 

was performed at a load level of 4 kN according to the findings of experiments that will 

be described in the next chapter. This load was the maximum load that could be applied 

followed by unloading to the punched aluminium specimens before it causes fracture. 

Figure 3.63 shows the distributions of residual stresses after side punching and after 

combination of the two, SP and overloading. It can be seen that overloading resulted 

only in a very limited change in residual stresses in the area very close to the crack tip. 

3.7 Prediction of Fracture Using Local Approach 

In this section an analytical model used to predict fracture toughness distributions, is 
discussed and the results of the predictions are presented. First the principle features of 
the method are described. The method is then examined to predict brittle fracture 

following different loading cycles for A508 steel C(T) specimens. 

3.7.1 Principles of Local Approach 

A stress based model based on the Beremin model [Beremin, 1983] was used to predict 
failure in steel specimens in the presence of residual stresses. This model is based on 
the weakest link in a form of a Weibull [Weibull, 1951] probability distribution using, 

Pf [a 
f 

]=1- exp - 
Ew - amin m 

s 
a. -- (3.4) 
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where the parameter a. refers to the mean characteristic reference stress. The Weibull 

exponent, m, characterises the spread of fracture data. Also, Qmin , 
is a threshold stress, 

which fracture is impossible and failure does not occur unless a,, )Qmin " The Weibull 

stress, a, is representative of failure conditions and is determined from the following 

integral, 

aw =V 
fc7jdV 

0 
(3.5) 

Gao and co-workers [Gao et al, 1998] studied the calibration process for determination 

of Weibull parameters using fracture toughness test data. Their results demonstrated 

that the four parameters (m, Vo, a,,. and , Ym, �) cannot be uniquely defined. They set Vo 

equal to 1mm3 and calibrated the other parameters using test data for two different 

levels of constraint. For distribution given by equation (3.4), the Weibull stress is 

calculated by integrating the maximum principal stress over a volume of the material, 
V, and the scale parameter, VO, is reference volume used to express C r. in terms of 

stress. Hadidi-Moud and co-workers [Hadidi et al, 2004] suggested that when using 
these distributions as a local approach to fracture, the integration volume should 

contain the near crack tip plastic volume, VP. The calculation of the probability of 

failure was performed using a user subroutine to work with the ABAQUS finite 

element code which is given in Appendix C. 

The Weibull parameters were determined from experimental results, this will be 

explained later in chapter 4. Here, the influence of the residual stresses arising from 

side punching and prior overloading is explored using a local approach. The 

experimental fracture toughness test results for all cases were distributed against failure 

probability Pf using, 

i-0.5 
N (3.6) 

where N is the total number of specimens, and i is the order number. Probability of 
failure as a function of stress intensity factor, determined at failure load for the fracture 
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tests of 25mm as-received A508 C(T) specimens are shown in Figure 3.64. The 

experimental fracture tests were performed at -170°C. This will be presented in chapter 

4. Next step was the calibration of Weibull parameters. This is discussed in the next 

section. 

3.7.2 Calibration of Weibull Parameters 

The calibration process for the determination of Weibull parameters [Weibull, 1951] 

was performed using the fracture toughness test data. The initial set of parameters was 

selected based on the parameters used by Hadidi-Moud and co-workers [Hadidi-Moud 

et al, 2004]. In their results the shape factor, m, equal to 4 was used for the A533B steel 

SEN(B) specimens. As it was shown in equation (3.5), the Weibull stress, O 4,, 
is a 

function of VO and m. The reference parameter, VO, was equal to 0.01mm3 in the set of 

parameters that were fitted to the experimental data for as-received specimens in the 

results shown in [Hadidi-Moud et al, 2004]. The remaining parameters, o and amjn , 

were found to be in their fit 8.75GPa and 3.25GPa respectively. This set of parameters 

was taken as the initial parameters to fit a curve to the experimental data of fracture 

tests for A508 steel at -170°C as shown in Figure 3.64. The failure probabilities 

matched with this experimental data. Details of the test programme are explained in 

chapter 4. The stresses were extracted from a three dimensional FE analysis to calculate 

the probability of failure. A 3D model of a 25mm C(T) specimen was simulated 

similarly to the model explained earlier in section 3.5.3.1. For the as-received 

specimens, the loading step was performed at low temperature. The material properties 

of A508 steel at room and -170°C are given in Figure 3.41. An isotropic hardening 

model was used in the simulations for the failure predictions. A comparison between 

the predictions and the experimental data will be performed later in chapter 5. The fit to 

the Weibull parameters to the A508 as-received experimental data was achieved using 

slightly different parameters from those given by Hadidi-Moud [Hadidi-Moud et al, 
2004]. A set of calibrated parameters are given in Table 3.4. Figure 3.64 shows the 

curve using the Weibull parameters obtained from [Hadidi-Moud et al, 2004] and also 
the fitted curve using the modified parameters. 
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One characteristic of the proposed local approach is that the same parameters calibrated 
based on the as-received data are used for predicting the failure probability 
distributions for all other loading histories of the material. The calibrated Weibull 

parameters are used in the next section to predict the probability of failure in specimens 

containing residual stresses. It is useful to mention that Hadidi-Moud and co-workers 
[Hadidi-Moud et al, 2002] suggested that a set of Weibull parameters associated with a 

specific material/temperature combination are not independent and hence non-unique. 
This means that more than one set of Weibull parameters can be calibrated to a set of 

experimental data. 

3.7.3 Prediction of Fracture with Residual Stress 

Side punching, prior overloading and the combination of both were used as different 

load histories to generate residual stress fields. A 25mm thick A508 steel C(T) 

specimen was modelled using FE analysis. The details of the FE model were described 

earlier in section 3.5.3.1. In the first step of simulation, side punching was applied on 
the C(T) specimen at room temperature using 25mm single punch (2R/t=1) and 

positioned at x/R=1.0.2% indentation was achieved after unloading from side 

punching. For all simulations the isotropic hardening model for A508 material was 
used. After side punching and unloading the finite element mödel was subsequently run 

a using material properties at -170°C. This temperature was chosen based on 
temperature at which the experimental fracture tests were performed to achieve 
cleavage fracture conditions. In step four of the simulation, the model was loaded from 

the loading hole of the C(T) specimen to simulate the loading to fracture. The data from 

the FE was extracted from different increments during loading into a text file which 
was used later as the input for the local approach subroutine to obtain failure 

probabilities in the presence of residual stress from side punching. The complete cycle 
was punching-unloading-cooling-fracture (PUCF). Figure 3.65 compares the normal 
stress distributions during loading process for both as-received and punched specimens 
at 50% probability of failure. The results in Figure 3.65 indicate similar stress 
distributions at the same probability of failure. It is noticeable that the load levels for 
the two sets of specimens are different at 50% probability of failure. Therefore the side 
punching resulted in a reduction in fracture load and apparent fracture toughness. The 
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predicted curve of probability of failure for the punched specimens is shown in Figure 

3.66. 

The local approach was then used to obtain failure probabilities for overloaded 

specimens. Details of the finite element model were the same as for the punched 

specimen. First step was loading to the 62.5 kN at room temperature. The unloading 

and cooling processes were carried out in steps 2 and 3 respectively. The specimen was 

then loaded in step 4 at -170°C and the stresses at different increments were extracted 

to a text file. This cycle was called LUCF. Figure 3.67 again indicates similar stress 
distributions for different load levels of as-received and overloaded specimens both at 
50% failure probability. The indicated higher load for 50% Pf resulted in an 

enhancement in apparent fracture toughness. Prediction results for the prior overloaded 

specimens shows a large enhancement (about 100%) in the apparent fracture toughness 

as shown in Figure 3.68. 

Finally, the local approach was used to obtain the failure probabilities for the 
interaction between side punching and prior overloading. Details of the model were 
described earlier in section 3.6.2. First side punching was modelled to the indentation 

level of 2%. After unloading of side punching, the prior overloading process was 
modelled to 62.5 kN load level and then unloaded. Both processes were performed at 

room temperature. The cycle was called PULUCF. The isotropic material hardening 

model was used in the simulations. Again the similar stress distributions at 50% Pf 

shows the interaction between two load histories (side punching and prior overloading) 
leads to an improvement in the apparent fracture toughness as shown in Figure 3.69. 
This suggests that prior overloading eliminated the effect of side punching. The 

predictions support this suggestion and indicate an enhancement in apparent fracture 

toughness as shown in Figure 3.70. The Residual stress distributions after both the 

overloading and interaction of side punching and overloading cycles proved to be very 
similar as described in the previous sections (Figure 3.62). Consistent with these 
distributions, the predictions for apparent fracture toughness distributions for the 
corresponding load cycles also suggest virtually identical enhancement and very similar 
distributions are obtained as shown in Figure 3.70. 
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All these predictions will be compared with the experimental data for different loading 

cycles later in chapter 5. 

3.8 Concluding Remarks 

An analytical closed-form solution has been found for elastic indentation of a half- 

space by a circular, flat-ended, rigid punch. This problem was then re-analysed using 

Finite Element Analyses to validate the meshing procedures, convergence and accuracy 

of the numerical solutions. Both axi-symmetric and three-dimensional FE analyses 

were used in the parametric study to determine how remote boundaries perturbed the 

half-space stress field. The results gave enough confidence with using the finite 

element analyses, therefore, the residual stress fields in an uncracked plate following 

side punching technique were studied. The generated residual stress fields in C(T) 

specimens using this method were also studied. It was shown that the side punching 

was capable of producing tensile residual stresses ahead of the crack tip. 

Next, a double punch configuration was examined. Parametric studies were carried out 

on the application of both single and double punches. The findings revealed that the 

residual stress fields were strongly dependent on the size and the position of punching 
tools. The results also indicated that the double punching process provided two main 

advantages over the single punch approach. Firstly, the punched region was removed 

away from the crack tip, thus the amount of plastic strain around the tip region was 

reduced. Secondly, double punches allowed the generation of both tensile and 

compressive residual along the direction normal to the crack plane. 

Prior overloading was also employed as a technique if generation compressive residual 

stresses ahead of the crack tip. Prior overloading was used to study the interaction with 

side punching. It was shown that prior overloading could completely redistribute the 

residual stresses left from side punching. 

Finally a stress-based local approach was examined to predict the failure in presence of 
residual stresses. It was demonstrated that the methods of side punching, prior 
overloading and interaction of these two methods give rise to changes in failure 

probabilities for A508 steel when tested at -170°C. 
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4 EXPERIMENTS AND RESULTS 

This chapter describes experiments carried out to validate the numerical predictions 

described in chapter 3. Firstly, the properties of the different materials used in the 

experimental programme are presented and details of the test specimens are given. Also 

detailed are the different test equipment employed in the research. Secondly, the 

different methods used to introduce a residual stress field into laboratory test specimens 

are described. A description of the different measurement techniques and the results 

obtained are given. Finally, results from the fracture tests on aluminium alloys and steel 

specimens are presented. 

4.1 Materials, Test Specimens and Procedures Used 

4.1.1 Aluminium Alloy 2650 

As described in chapter 3, side punching was used to create residual stress fields in 

laboratory specimens. The side punching technique was first applied to aluminium 
alloy 2650. This material was developed for the supersonic aerospace industry. This 

alloy was supplied by Alcan International Limited as 15mm thick plate. The original 
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A12650 plate, was 1000mm long in the rolling direction and 450mm wide. The 15mm 

thick plate was produced by hot rolling from a 170mm thick die cast ingot. The 

approximate composition of A12650 by % weight is quoted in Table 4.1. It can be seen 

that the main elements in this alloy are Cu and Mg with 2.74% and 1.74% in weight 

respectively. The Aluminium alloy 2650 was used to manufacture the uncracked 

specimens (plates) and also C(T) specimens which were subsequently subjected to the 

side punching process and the residual stresses studied. 

Garcia-Granada [Garcia-Granada, 2000] carried out an extensive experimental 

programme to examine the material response of A12650. The mechanical behaviour of 

A12650 at room temperature is given in Table 4.2. The hardening behaviour of this 

alloy in tensile and compressive loading, shown in Figure 4.1, was also determined by 

Garcia Granada [Garcia Granada, 2000]. The 0.1% proof yield stress, a,, was 427 

MPa. As Figure 4.1 shows, the material behaviour of this alloy is very close to an 

elastic-perfectly plastic material. Under tensional loading followed by compression 

loading the elastic-perfectly plastic material model is not retained. The measured 

material response differs compared to isotropic or kinematic hardening models. It is 

also noticeable that both models show higher compressive stresses in comparison with 

the experimental data. Figure 4.2 shows different hardening behaviour of aluminium 

2650. Isotropic, kinematic and combined hardening models were used in the FE 

simulations and the results were compared. For isotropic hardening it was assumed that 

the behaviour of the material in tension and compression is identical, whereas this is 

not the case for kinematic hardening. 

In order to more faithfully represent the realistic material behaviour, a combined 
hardening model was used in the FE simulations. This model was available in the 

commercial FE code ABAQUS 6.2 and indicated a better fit to the experimental data 

presented in Figure 4.2. This model was based on a Ramberg-Osgood power-law 

equation. The equations for combined hardening model and parameters required by 

ABAQUS are shown in Table 4.3. A short description of different hardening models 

are given in Appendix B. As it was shown earlier in chapter 3, the combined hardening 

model predicted less compressive in-plane residual stresses within the uncracked 

aluminium plate. It will be shown later that this model resulted in better agreement with 
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the experimental residual stress measurements. The second aluminium alloy, A12024, is 

described in the next section. 

4.1.2 Aluminium Alloy 2024 

Aluminium alloy 2024 was used for both simulations and experiments. The alloy was 

supplied by Airbus in 37 mm thick plate. The mechanical properties of this alloy 

obtained from [Garcia-Granada, 2000] are shown in Figure 4.3. A tensile test was 

carried out using standard tensile specimens. The details of the tensile test procedure 

are described in the next section. The chemical composition of this alloy by % weight 

is given in Table 4.4. 

4.1.2.1 Tensile Test 

Tensile properties for aluminium alloy 2024 material were measured at room 

temperature, at a slow strain rate of 7.0 x 10"6 s'1. The test specimens were machined 

from the main 37 mm thick plate along the rolling direction. The standard size of the 

tensile test specimen was fabricated according to ASTM standards [ASTM-E8M, 1996] 

as illustrated in Figure 4.4 with the overall dimentions of the tensile test specimen 

shown. One specimen was fabricated from the plate with the main axis along the rolling 

direction. 

The gauge length and the gauge diameter of these specimens were 65 mm and 12.5 mm 

respectively. Strain gauges were employed to record the gauge length deformations. 

Three strain gauges were attached to each tensile test specimen at 120° intervals around 

the specimen. This arrangement was chosen in order to indicate and correct any 

possible bending due to misalignment during the loading process. A quasi-static load 

was applied to the tensile specimen using a hydraulic Instron tensile test machine. A 

static load was applied at the rate of 0.003 mm/s. As a precaution and to stop the 

actuator from moving after the specimen fracture, an upper limit was set at 30 mm. 
Figure 4.5 shows the general arrangement of the test specimen held in position in the 

Instron test rig. 
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The load and strains were recorded as a function of time using the strain gauge 

Measurement Smart System model 6100 linked to StrainSmart Software version 3.1 on 

a PC. A frequency of 10 scans per second was sufficient. A specimen was examined 

using the above method. Also the recording limit for the strain gauges was about 1.7% 

strain. The applied load and the measured strain are shown in Figure 4.6 both as a 
function of time. The strain given is the average of the three strains obtained from three 

strain gauges. The load increased linearly in the elastic section of loading for 

approximately the first 300 seconds. As the load reached a non-linear region, the rate of 

loading decreased. This corresponded to the non-linear region in the strain history. 

The tensile test results, expressed in terms of engineering stress-strain are displayed in 

Figure 4.7. The stress was obtained by dividing the load by the cross-section area of the 

test specimen. The Young's modulus was calculated to be 69 GPa and the 0.1% proof 

stress (yield stress) was 370 MPa. The results of this test are also presented in the Table 

4.5. The true stress-true strain curve was calculated from the measured stress and strain 

using the common equations in mechanics of materials references. The results revealed 

a good agreement with the mechanical properties for this alloy obtained from [Garcia- 

Granada, 2000] as shown in Figure 4.8. 

4.1.3 A508 Ferritic Steel 

The A508 class 3 C-Mn steel used was identical to that used in earlier studies by 

Swankie [1999]. It is a steel that is widely used in the manufacture of pressure vessels, 

which is tough in nature and exhibits elastic-plastic behaviour under room temperature 

conditions. The mechanical composition and mechanical properties are obtained from 

Swankie [1999] and summarised in Table 4.6 and Table 4.7 respectively. The 

mechanical properties of this steel are provided in different orientations and indicate 

that this material was isotropic. For this material, yield strengths are 430 MPa at 20°C, 
630 MPa at -120°C and 696 MPa at -150°C. Detailed material data for the A508 steel 
are provided by Carassou [Carassou, 1999]. These details can be found in Table 4.8. 

The material properties at -170°C were not available from data given by [Carassou, 
1999]. Cleavage fracture tests using A508 steel were performed at low temperature, - 
170°C. Therefore material properties of A508 steel at this temperature were required. A 
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simple technique was employed to estimate the non-linear section of the stress-strain 

curve of this steel. As the yield stress at three different temperatures were known for 

this particular steel, the yield stress at -170°C was extrapolated. A quadratic 

polynomial was fitted to data shown in Figure 4.9. Extrapolation of this polynomial 

resulted in the calculation of the yield stress at -170 °C. Because of the isotopic nature 

of A508, and also small difference between different yield stresses in different 

orientations, the calculated yield stress was an average between different orientations. 
The material response at low temperatures (-120 °C and -150 °C) and room 

temperature are illustrated in Figure 4.10. In order to obtain the curve of the material 

response at -170 °C, the stress-strain curve at -150 °C obtained from [Carassou, 1999] 

was shifted by an amount equal to the difference between the yield stress at -170 °C 

and -150 °C. This is shown in Figure 4.10. 

The material properties of A508 steel were used in the FE simulations as well as the 

experiments. It will be shown later that the fracture mechanism of this material at -170 
°C was cleavage. It was assumed for A508 that the material response under tension 

followed by compression was isotropic. It was shown earlier by Smith and co-workers 
[Smith et al, 1992] that for a similar steel, A533B, material hardening was a 

combination of kinematic and isotropic hardening. However, for simplicity an isotropic 

hardening material was retained. In the next section the specimens which were used in 

the experimental programme will be discussed. 

4.1.4 Specimens for Main test program 

This section describes the geometry of the test specimens used in the experimental 

programme. Two geometries were employed in the experiments, uncracked plates and 
C(T) specimens. 

4.1.4.1 Uncracked Plates 

Three uncracked specimens were extracted from 15 mm thick aluminium alloy 2650 

plate. The uncracked specimens dimensions were 60 X 62.5 X 15 mm3. The axis of the 
longest dimension was along the rolling direction. Two out of three specimens were 
later subjected to side punching in order to generate residual stresses and the residual 
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stresses were measured. The samples numbers and condition of each specimen is 

summarised in Table 4.9. Samples 1 and 2 were subjected to the side punching using 
25mm punch tool with two levels of indentations, 1.6% and 1.9%. Sample 3 were left 

as-received, and was used in the stress-free condition. 

4.1.4.2 Fracture Specimens 

Two A12650 C(T) specimens were manufactured for the residual stress measurements 

as given in Table 4.9. The measurements of residual stresses will be presented in 

section 4.3. To study the fracture behaviour of the different materials in virgin 

conditions (without residual stresses) and also in the presence of residual stresses, C(T) 

specimens were fabricated according to ESIS Round Robin [2000] procedure. Details 

of the C(T) specimen are shown in Figure 4.11 for A508 steel C(T) specimens. For the 

aluminium alloys 2650 and 2024 specimens the same geometry of C(T) specimen were 

used, however the thickness of the specimens was 15 mm. The orientation of all C(T) 

specimens was T-L. 

In all the fracture specimens, Electro Discharge Machining (EDM) was used to 
introduce the crack. Using a 0.1 mm diameter wire, the resulting notch width was 
approximately 0.15mm. The fracture tests were conducted without fatigue pre- 
cracking. There were two main reasons for this; firstly, fatigue pre-cracking could 
generate crack tip residual stresses that could redistribute the residual stress fields, 

secondly, the main intention was to compare the behaviour between different sets of 
specimens with and without residual stresses. As all the different sets had the same 
conditions, the comparison was valid. All fracture tests were performed according to 
the ASTM standard [ASTM-E399,1996] to determine the fracture toughness of 
materials in mode I fracture using the C(T) specimens described above. Aluminium 

alloy 2024 C(T) specimens were used to examine K, resistance curve. This will be 
described in detail in section 4.4. 
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4.1.5 Test Equipment 

A range of equipment was employed to conduct the fracture tests as well as the side 

punching process. Hydraulic rigs, instrumentation for fracture experiments, 

extensometry and environmental chambers are all described in this section. 

4.1.5.1 Hydraulic Test Rigs 

Fracture tests were carried out using an Instron servo-hydraulic test machine, which 
had a capacity of 25OkN. To perform the punching process on the plates and the C(T) 

specimens a compressive load of around -400 kN was required. Therefore a Mayes 

" servo-hydraulic test machine with a maximum capacity of 500 kN was used. Since the 

punching tools must keep a flat profile (as a constant indentation was required) on the 

contact area between punching tools and specimen, the cross-head was levelled. This 

was done using level meters and gauges. A load cell on each of the hydraulic machines 

measured the applied load. The specific approach used for each test machine for 

different experiments is presented in the next sections. 

4.1.5.2 Main Test Devices 

To apply load to the fracture specimens, a pair of U-shaped grips were manufactured 
from Nimonic-90 al'oy. This material is very strong and difficult to machine and was 
chosen to reduce the plastic deformation in the grips for high levels of loading and also 
has a good performance at low temperature. A schematic diagram of the grips and the 

specimen is presented in Figure 4.12 (a). A picture of the actual specimen and grips in 

position is given in Figure 4.12(b). The grips were designed for 25mm thick C(T) 

specimens. For 15mm aluminium specimens two bushes were used to be fitted in the 

grips and on both sides of the specimen to fill the 10mm gap between the specimen and 
the grip as illustrated in Figure 4.13. 

During the fracture tests measurement of the displacement was required. Since 
displacement was the controlling parameter in all tests including the punching process 
and fracture tests, an accurate and reliable measurement of the displacement was 
essential. The extensometer used in the punching tests was a Linear Voltage 
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Differential Transducer (LVDT) and for the fracture tests a Clip-gauge type 

extensometer was used. 

The punching process utilised two punching tools. The LVDT was attached to the top 

punch tool by a holder measuring the relative displacement between two punch tools 

applying on both sides of the specimen, as can be seen schematically in Figure 4.14(a). 

This arrangement was set up in order to capture the movement of the punch tools 

independent of the elastic deformations of the punching tools and the main loading rods 

of the rig, a holder was made to attach to the punch tools. Figure 4.14(b) also shows the 

actual punch tools with the attached LVDT holder. 

The clip-gauge was attached to the C(T) specimens using knife edges, which are 

screwed to the face of the specimens to measure the loading line displacement as 

shown schematically in Figure 4.15. The LVDT and clip-gauge were calibrated using a 

barrel micrometer with an accuracy of 0.01mm. Figure 4.16 indicates that the clip- 

gauge only had a linear range over 2mm. Therefore it was very important to perform 

the fracture tests within the linear range of the clip-gauge. For the fracture tests at low 

temperature, the clip gauge was not used. 

To induce the conditions of cleavage fracture for A508 steel, the fracture tests of this 

material were carried out inside an environmental chamber. The environmental 

chamber was charged with liquid nitrogen through a temperature controller to achieve a 

temperature around -170°C. A schematic layout of the low-temperature chamber and 

nitrogen feed is shown in Figure 4.17. The temperature was controlled using a 

thermocouple. After achieving the temperature of -170°C the specimen was left in that 

temperature for extra 30 minutes to allow the minimum temperature to be achieved 

throughout the specimen before testing. 

4.1.6 Punching Tools 

4.1.6.1 Single Punch 

The punching process will be described later in section 4.2.2. Since both sides of the 

specimen were punched simultaneously, two punching tools were required. The LVDT 
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holders were designed so that they could be attached to the punching tools as shown in 

Figure 4.14. The punching tools were manufactured of EN-24 steel and then heat- 

treated, in order to harden the steel i. e. heated up to 800°C and subsequently quenched 

in an oil bath, followed by tempering at 250°C for one hour. Following this procedure, 

the hardness of the punching tool increased from approximately 200 to 600 Vickers 

(HV/30). The aim of the heat-treatment was to avoid deformation of the punching tool 

during the punching process. The edge of the tool was rounded to remove the sharp 

edge. 

Two different diameters 25mm and 15mm punching tools were fabricated in order to 

perform the parametric detailed in chapter 3. Both punching tools are shown in Figure 

4.18. As shown in Figure 4.18, the 15mm punching tool utilised the base of the 25mm 

punching tool as a platform. A single punch was used on both the uncracked and C(T) 

specimens to generate residual stresses. 

4.1.6.2 Double Punch 

As a result of the parametric FE study, it was decided to carry out the experiment, using 
double punches, each punch with a 20mm diameter. The details of the double punch are 

shown in Figure 4.19(a). The double punches consisted of three pieces. The 20mm 

punches were individually screwed into a main base. A 4mm gap between two pairs of 
the punching tools was obtained from the FE parametric study. The double punches 

were fabricated from EN-24 steel. The punching tools were hardened in the same way 

as the single punch. This significantly decreased surface deformation of the punching 
tools during the punching process. A schematic diagram of the double punches with 
LVDT holder is shown in Figure 4.19(b). Figure 4.20(a) indicates the fabricated 

punching tools from En-24 steel with the LVDT holders. The adaptor can be seen in 

Figure 4.20(c) which was also made to fit the double punches in the hydraulic grips. 
Also Figure 4.20(b) shows the specimen in position under the double punches. 

A fixture was made to correctly position the specimens relative to the punches as 
shown in Figure 4.21(a). Positioning of the double punch was achieved by putting the 

specimen inside the fixture in the designated location. The specimen and fixture were 
then located under double punch. A guide within the fixture guided the double punch to 
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its required location at x/R= -1.0. An extra component was screwed to the fixture to 

achieve the position of double punch at x/R=1.0 as shown in Figure 4.21(b). This was 

to introduce tensile residual stresses according to finite element analyses. 

The punches, single and double, were used to generate residual stresses in the 

uncracked plate and also the fracture specimens. The next section provides details of 

the side punching and also other methods which were employed to introduce residual 

stress fields in the laboratory specimens. 

4.2 Introduction of Residual Stresses 

A series of tests were carried out to introduce residual stresses into A12024, Al 2650 

and A508 specimens. These are summarised in Table 4.9 and Table 4.10. Table 4.9 

contains the specimens that were prepared for the residual stress measurements and 
Table 4.10 includes all the specimens containing residual stresses used for the fracture 

tests. 

4.2.1 Side Punching, SP 

The arrangement of facilities in the side punching process is described here. Also the 
details of experimental punching process are presented here. 

4.2.1.1 Side Punching Using Single Punch 

The punching process was performed on both sides of the specimen by two punching 
tools as illustrated schematically in Figure 4.18. The punching process was in two 

parts, an initial loading followed by unloading. The loading process can be performed 

under either load or displacement control. The experiments in this work were controlled 
by displacement. The loading was continued until it caused plastic deformation within 
the specimen. It was also required to quantify the side punching process which was 
done by defining the level of indentation. 

The unloading process was defined as the movement of the punching tool back to its 

original position. After unloading, those parts of the specimen which remained elastic, 
tend to return to their original geometry, however, the plastically deformed part under 
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the punching tool surrounded by the elastic parts cannot take its original shape. This 

procedure is the initial stage of producing residual stresses. Both uncracked plate and 
C(T) specimens were subjected to side punching. The amount of loads applied to the 

plates and the C(T) specimens were different due to their different geometry. 

For the uncracked A12650 specimen, application of a 420 kN compressive load resulted 
in an indentation of 1.6%. A quasi-static loading speed of 0.003 mm/s was chosen to 

apply the compressive load. Figure 4.22 shows the load-displacement curve of sample 

number 1 (according to Table 4.9). This figure also compares the load-displacement 

curves from experiment and corresponding FE simulations and indicates a good 

agreement. This level of indentation corresponded to 0.12 mm indentation on each side 

of the specimen. The same level of indentation was applied to the aluminium C(T) 

specimen. This time a smaller load of -275 kN was required for 25mm punch 
(2R/t-1.6). For 15mm punch (2R/t=1.0) the load level was even lower, at about -120 
kN. Figure 4.23 compares load-displacement curves for two sizes of punch (2R/t=1.6 

and 1.0) positioned at x/R=1.0 and 0.6. 

According to the parametric study performed by finite element analysis, the punching 
tool was positioned at x/R=1.0 to produce tensile residual stresses in A12650 15mm 

thick C(T) specimens. Figure 4.24 contains the curves of punching process for eight 
C(T) specimens and shows a good consistency between the load-displacement curves 
for the A12650 C(T) specimens. These were required later for fracture testing. The 

experimental maximum compressive loads altered within a range of -270kN to -280 
kN. Also eight steel C(T) specimens were punched using 25mm diameter punch 
positioned at x/R=1.0. Again a consistency between the load-displacement curves were 
observed as shown in Figure 4.25. Figure 4.26 shows a punched A508 C(T) specimen 
using 25 mm diameter single punch at x/R=1.0. These specimens were also used for 

subsequent fracture tests. 

4.2.1.2 Side Punching Using Double Punch 

The performance of the side punching when using double punch required more care 
than the application of single punch. This was because the alignment of the cross-head 
of the hydraulic rig and the punching tools was very important. A small misalignment 
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could result in different indentations left by the two sides of the double punches. An 

exact alignment was achieved using two clock gauges attached on each side of the 

specimen during a sample loading. Double punched specimens were shown earlier in 

Figures 4.20 and 4.21. Two circles on each specimen, visible in the picture, are the 

imprint following punching process. 

As a result of the finite element study, two key positions for the double punches were 

chosen to introduce both tensile and compressive residual stresses experimentally. 

Position YR 
=1.0 was used to produce tensile residual stresses and position 

-1.0 was used to impart compressive residual stresses ahead of the crack tip. As 

described earlier, a fixture was used to position the double punch in the required 

positions. The level of indentation was about 1.6% in all applications of the double 

punch. Double punch experimental tests were only performed using 20mm diameter 

double punches (2R/t=1.3). Load-displacement curves for both positions are shown in 

Figure 4.27 and Figure 4.28. The compressive load for the case of double punch 

positioned at x/R=1.0 was about -400kN, whereas the load was slightly lower for 

position x/R= -1.0 and was about -350kN. The application of prior overloading in 
introducing residual stress experimentally is presented next. 

4.2.2 Prior overloading 

Prior overloading was performed on the A508 steel C(T) specimens and an aluminium 
alloy 2650 specimens. For A508 C(T) specimen, prior overloading was performed on 
as-received and also punched specimens. For A12650, it was only conducted on a 
punched specimen containing residual stresses. The prior overloading process for all 
specimens was performed at room temperature. The process was performed using an 
Instron hydraulic rig in displacement control mode. A load level of 62.5kN was chosen 
for the prior overloading process to produce controlled deviation of the load- 
displacement curve as described in chapter 3. Eight A508 steel C(T) specimens were 
overloaded at room temperature. The results are shown in Figure 4.29 and the range of 
overloaded specimens are given in Table 4.10. 

p 
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The interaction of two residual stress fields obtained from side punching and prior 

overloading was studied. Thus it was required to impart the residual stresses resulting 
from both processes in one specimen. Prior overloading was conducted on already 

punched specimens. This cycle was called PULU (punched, unloaded, loaded, 

unloaded). The same level of loading, 62.5 kN, was chosen for the single-punched 

specimen, in order to compare their subsequent fracture. The load-displacement curves 

of overloading on punched specimens was similar to the overloading of as-received 

specimens (Figure 4.29) and are not shown here. 

The prior overloading process was also executed on one punched aluminium alloy 2650 

C(T) specimens for residual stress measurement purposes. The load was applied to the 

punched aluminium C(T) was 4 kN. This load was the maximum load level that could 
be applied on punched A12650 specimen without fracturing it. Figure 4.30 presents the 
load-displacement curve of the overloading process that was performed on a punched 
A12650 specimen. 

The residual stresses produced within the laboratory specimens were then measured 

using different techniques, in order to first measure the ability of side punching in 

producing residual stresses, and second, compare the residual stresses with the 

predictions. These are presented in the next section. 

4.3 Measurement of Residual Stresses 

This section describe the details of the residual stress measurements and their locations 

on the specimens. Three different measurement techniques, centre-hole drilling 
(ICHD), deep-hole drilling (DHD) and X-ray synchrotron diffraction (HEXRS) were 
used. Experimental measurements were conducted in order to verify the predictions of 
residual stresses which were presented earlier in chapter 3. 

All three techniques were carried out on the uncracked punched A12650 plate. For C(T) 
specimens only the X-ray synchrotron diffraction technique was used. 
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4.3.1 Incremental Centre-hole Drilling Measurement 

4.3.1.1 Procedure 

To measure residual stresses inside the punch imprint, the Incremental Centre Hole 

Drilling method (ICHD) was used. Two measurements were carried out on two 

uncracked punched A12650 samples (samples 1 and 2) with 1.6% and 1.9% indentation 

respectively using a 25mm diameter single punch. A strain gauge rosette was attached 

to the surface within the punching print area to measure the residual stresses in the 

centre of the punch print as can be seen in Figure 4.31. The final depth of the hole was 

about 2 mm although the measurement result was calculated for about 1mm depth. 

ICHD measurements were performed using strain gauge rosette types CEA-13-062UL- 

120 which are made specifically for aluminium components. The external diameter of 

the rosette was 5.13 mm. The surface was cleaned prior to the strain gauge attachment 

and then the rosette was glued to the surface. Details of the strain gauge rosette 

attachment procedure are given in a Technical Note by National Physics Laboratory 

[Grant et al, 2002]. The strain gauge rosette was then wired and connected to a static 

strain indicator through a switch-and-balance unit. A precision milling guide, the RS- 

200 model, was attached to the test piece and accurately centred over a drilling target 

on the rosette. The relaxed strains were recorded at the end of each increment. These 

measurements corresponded to the residual stress after data manipulation. 

The nominal gauge radius, r, �, was 2.57mm. A tungsten carbide inverted cone drill, 

with a nominal diameter of 1.2mm, was used. The actual hole radius, rQ, was optically 

measured at the end of the drilling process and found to be 0.85mm. As a result the 

ra/rm ratio was approximated to be 0.3. Strain relaxations were measured at depth 

increments of 127µm, except for the first 250µm depth, where increments of 25.4µm 

were used in order to provide more detailed stress measurements close to the surface. 
The total depth of the hole was 2.54mm. 

4.3.1.2 Results 

The measured strains for sample 1 with a 1.6% indentation are shown in Figure 4.32(a), 
A schematic diagram of the position and axes in ICHD measurement are shown in 
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Figure 4.32(b). The depth of the hole on sample 2 was about 1.8mm. The measured 

strains on sample 2 with 1.9% indentation are shown in Figure 4.33. 

Analysis of the incremental centre hole drilling strains was made using a programme 
developed by Stefanescu [Stefanescu, 2003]. During the hole drilling process, removal 

of the material from the first drilling increment results in surface strains (at the gauge) 

that relate directly to the residual stresses relieved at the hole boundary within that 

increment. Removal of the material from the second increment produces two effects. 
Firstly, the stiffness of the structure is changed such that there is further relief of 

stresses within the stratum of material corresponding to the first increment, producing a 

strain change at the gauge. Secondly, stresses relieved at the hole boundary of the 

second increment produce an additional strain change at the gauge. Thus, even if the 

second increment contains no residual stress, any stress within the first increment will 

produce a change in strain at the gauge as the second increment is drilled. Schajer 

[Schajer, 1988] used integral method to calculate the residual stresses. This technique 

employed FEA to determine the contribution made to the relaxed surface strains by a 

change in hole geometry. 

Schajer [Schajer, 1988] explains the practical application of the integral method and 

presents all the necessary equations, coefficients and interpolation schemes required to 

produce a satisfactory program to perform the calculations. The stress components, the 

principal stresses and their orientation were calculated as follows: 

P=1EvA-'op Q=EB-'"q T=EB''"t (4.1) 

am=Pamm = P? Q1 +T 2 (4.2) 

ý3 = arctan (4.3) 

where P, Q, T are the vectors of the transformed stress components, q.,,, and amen, are 
the vectors of the principal stresses and 8 is the vector describing their orientation to 
the laboratory frame. p, q, t are the vectors of the transformed strains, determined from 

the strain relaxations sue, % and c, , measured at the surface of the component during 
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incremental drilling by using a strain gauge rosette. A and B are lower triangular 

matrices containing the influence coefficients [Schajer, 1988]. E is Young's modulus 

and v is Poisson's ratio. 

The analysis of uncertainty is rare in hole drilling investigations. The sources of 

uncertainties may come from the test specimen, measuring instrument, measurement 

procedure, operator or even environment. The measurement process was performed as 

accurately as possible to reduce the chance of any uncertainties. However, the level of 

uncertainty cannot be zero. Thus, to quote the uncertainties associated in the performed 

measurement, the programme based on [Stefanescu, 2003] was used. 

The calculated residual stresses from the two samples are shown in Figure 4.34. The 

results showed that the directions of the principal stresses were the same as directions x 

and y. The results for sample 1 revealed an average residual stress of approximately 

-100 MPa over 1mm depth in the centre of punched area. However, the average 

residual stresses for sample 2 with 1.9% indentation were higher and about -150 MPa. 

The residual stress distributions on two specimens were different due to the different 

level of indentations. Results from both specimens revealed compressive in-plane 

residual stresses close to the surface and also deeper inside. The level of residual 

stresses on the surface were lower than that at lmm depth. 

4.3.2 Deep-Hole Measurement 

4.3.2.1 Procedure 

The Deep-Hole measurement method is a semi-destructive method of measuring 

residual stresses. Here the details of the measurement technique and the measurement 

performed on the aluminium plate are presented. 

The DHD method determines the through thickness residual stress distributions in a 
component by measuring accurately the change in diameter of a reference hole which 
occurs when a core of material coaxial to the reference hole is removed from the 

component by trepanning. The main features of the technique are briefly described 
here. Further details of the method may be found in [Bonner, 1996, George, 2000]. The 
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technique is applied over five distinct steps. These steps, shown in Figure 4.35, are as 
follows, (i) two reference bushes are attached to the front and back of the components 
in order to reduce drill bell-mouthing and provide a stress free reference, (ii) a 

reference hole is gun drilled through the component, (iii) accurate measurements of the 

initial reference hole diameter are made at a number of angles around the reference 
hole axis, 0, and at depth increments of 0.2 mm, providing d(0, z), (iv) a core of the 

material containing the reference hole is trepanned free of the rest of the component 

using a plunge electric discharge machine. The trepanned cylindrical core is 

macroscopically "stress-free", (v) after core removal, the reference hole diameter is 

measured at the same locations as previously, providing d'(6, z) . The changes in the 

diameter of the reference hole are used to calculate the through thickness in-plane 

residual stresses in the component. 

The change in reference hole diameter, Ad (O, z) = d'(6, z) -d (O, z) , where d and 

d' are the reference hole diameter before and after trepanning respectively, is recorded 

as function of angular orientation, 0, and depth through the core thickness, z. These 

changes in hole diameter may then be used to determine the in-plane residual stress 

components by invoking the elasticity solution for a hole in a plate. The diametral 

distortion is found to be related to the applied remote stress field by 

Ad (O, z) 
-1 

(f [8, z]o,, + g[O, z]ori + h[O, z]oXy d(6, z) E (4.4) 

where a,.,, ay and vxy are the in-plane components of residual stress. The analysis is 
based on the deformations occurring around a hole in a finite thickness planar-infinite 

plate subjected to remote planar stress components which are assumed constant through 
the plate thickness. The functions f [6, z], g[9, z] and h [0, z] are given by [Granada, 
1998] as 

f (O, z) = A[z](1 + B[z]2 cos(20)) 

g(O, z) = A[z](1- B[z]2 cos(20)) 

h(B, z) = 4A[z](B[z] sin(20)). 
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It is assumed that the trepanned core is composed of a stack of annular slices which act 
independently of one another and behave in a manner predicted by the constant remote 

stress analysis. The measured reference hole diametral distortions are used to calculate 

the through-thickness residual stress distribution using a compliance matrix. If 

measurements are obtained at n depths and m angles (m>3), a least-squares fit to the 

measured diametral distortions can be used to determine the stresses. At each depth z1, 

equation (4.4) is rewritten in matrix form as 

Ad 
=-[M(z, )]{Q(z, )) (4.6) 

d 

where the measured residual stress vectors are 

{Q (z, ) }= [Qxx (Z, ), Q 
yy 

(Z, ), Qxy (z, )]T (4.7) 

and the compliance matrix is given as 

f(e1, z, ) g(01, z, ) h(e,, z, ) 

f (02, z, ) g(92, z, ) h(02, z, ) 

1M(z, )l =E (4.8) 

.f 
(Om, z, ) g(em, z, ) h(Om 

, z, ) 

Finally, the residual stress components Q are obtained from 

{Q(z, )} _ -{[M(z, )]T [M(z, )]}-[M(z, )]T {°ddz')} 
" (4.9) 

A DHD residual stress measurement on sample 1 A12650 punched plate was carried out 
at the centre of the punching imprint at the location of the prior ICHD measurement as 
shown in Figure 4.36. A 1.5mm reference hole was gun-drilled through the plate 
thickness. The diameter of the hole was subsequently measured using an air probe 
system. The measurement with air probe started with 0=0, this corresponded to the axis 
x. The air probe was calibrated using the calibration rings supplied. The rings are 
attached in turn onto the air probe and positioned at the correct depth and angle for the 
specified calibration diameter. The rest of the rings are then used to fully define the 
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calibration curve for which a 3`d order polynomial regression was found. An example 

of the calibration curve is given in Figure 4.37. Measurements were carried out at 

eighteen different angles around the axis of the hole and every 0.2mm along the axis of 

the hole. Then a 5mm diameter core, co-axial to the reference hole, was trepanned free 

of the plate using electro-discharge machining. Finally, after trepanning, the reference 
hole was re-measured. The measurement was carried out over the complete thickness of 

the plate. Figure 4.38 shows the actual specimen and the front bush. The trepanned core 

of the specimen, is also shown in the figure. A ring bush shown in the picture is the 

alignment bush that was used for both ICHD and DHD measurements to have the holes 

from both techniques eccentric. A schematic cross section of the specimen is also 

shown in Figure 4.38. The measurement was performed over the complete thickness of 

the plate. 

4.3.2.2 Results 

The measured diametral distortions are displayed in Figure 4.39. The distortions are 

shown at three angles with 30 degrees interval of measurement. From the distortions of 

all 18 angles, the residual stresses were calculated using Equation (4.9). The distortions 

of the reference hole diameter as a function of the angle at two different depths through 

thickness of the plate, 8mm and 12mm, are illustrated in Figure 4.40. 

The in-plane residual stresses calculated by DHD are shown in Figure 4.41 as a 
function of depth through thickness. The region of missing data from 0 to about 3mm 

depth of the diagram arises because of the prior application of a centre-hole 

measurement. In accordance with the finite element results, the residual stresses were 

compressive throughout the thickness of the specimen along the measured path 

attaining a dip of -280 MPa in the centre of the specimen. Due to both geometric and 
loading symmetry in the specimen the measured residual stress field also exhibits 

symmetry. 

The accuracy of the DHD technique is heavily dependent on the accuracy of the 

measuring devices used. For the 2D analysis the calculated residual stresses are only 
dependent upon the accuracy of the reference hole diameter measuring by the air probe. 
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An estimate the error in measured residual stresses in DHD technique is provided by 

Kingston [Kingston, 2003], 

CSU = -0.5E 

Sd 
err 

d' 0 
(4.10) 

where 8 derr was the accuracy of the air probe diameter measurements which was 

reported within approximately ±0.5µm. Thus, the error of the above measurement can 
have a maximum level of 24 MPa using Equation (4.10). 

4.3.3 X-ray Synchrotron Diffraction Measurement 

4.3.3.1 Procedure 

Residual stresses in A12650 plates and C(T) specimens were measured on the ID31 at 
the European Synchrotron Radiation Facility, ESRF, at Grenoble, France [Hossain et 

al, 2004]. A12650 specimens 1,3,4 and 5 (according to Table 4.9) were used for X-ray 

synchrotron measurements (HEXRD). The synchrotron measurements on sample I 

were prior to the ICHD and DHD measurements. 

In order to determine the stress, at least three strain measurements are necessary. The 

strain components measured by synchrotron diffraction are converted to stress using a 
generalised Hooke's law. The coordinate system here is the same described earlier in 

the DHD measurement section. As it was described earlier in chapter 2, under the 
influence of stresses (residual or applied) the lattice spacing, d, in individual crystalline 

grains varies. The initial lattice spacing, do, was measured in a stress-free sample. The 

strains were then calculated using the equation given as, 

d -do 
d (4.11) 

0 

The strains were then converted to stresses by using, 

EV 

ri u)i 
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JJ (b) (4.12) ýý ý1 
Ev) 

[EY" + (1 2v) `sXX + EY, + C. 

QZZ -E [e +v (6XX + En, + E. (l+v) (1-2v) 

where x, y and z are the principal directions, E is the elastic modulus and v is 

Poisson's ratio. It will be described later in this section that two in-plane strains along x 

and y axes were measured. Thus a plane stress was assumed to calculate the stresses 
from the measured strains. In the plane stress assumption c r., 0 therefore from 

equation (4.12c), 

cza 
v 

\--xar + 6yy 
(1-2v) (4.13) 

ID31 is a high-resolution horizontal axis powder diffraction instrument having a 

spectral range from 5 to 60 keV (2.5-0.2 A) and a horizontal scattering axis. The energy 
resolution is 1 eV at 10 keV and the instrumental contribution to the peak width is 
0.006°, giving very high 20 resolution. A monochromatic beam having a wavelength of 
0.20627A was used for this work, giving the Al (311) reflection at 20 _-10°. All 

measurements were made in transmission geometry. The detector operated in a 

continuous sweeping mode over a range of diffraction angle 20. The apertures for the 
incident and diffracted beams define the sampling or gauge volume within the 
specimen as shown schematically in Figure 4.42 as these are the strain measurement 
directions. 

In order to obtain accurate measurements of residual stresses as the gauge volume 
enters or exits the specimens, the location representative of the material within the 
gauge volume was calculated. This allowed an accurate calculation of measurement 
location near the surface as shown schematically in Figure 4.43. When the gauge 
volume was completely inside the specimen the centroid was taken to be the 
geometrical centre of the diamond shaped gauge volume. A lmm high prism having the 
cross-section of a parallelogram (3.55 x 0.3011 mm2) was used for these measurements 
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by setting the incoming slits to 0.3 mm high and of lmm wide and the sample slits to 

0.3 mm high. 

The strain free lattice spacing was determined by measuring in a rolled but not-punched 

specimen. Measurements were taken at different depths in order to assess the presence 

of any prior residual stresses. The in-plane components of strain along axes x and y 

were measured in samples 1 and 3 using two positions as shown in Figure 4.44(a) and 

(b). The measurement in the axial direction along z axis (reflection geometry) was 

restricted to a maximum depth of 4.5mm from the specimen surface by the strong 

absorption of the diffracted beam over the long path lengths arising from the grazing 

incidence (Figure 4.44c). A host program from ESRF at Grenoble was used to 

determine the strains from raw data. The measurements of the two in-plane components 

of strains, 8x and ey, were carried out through the thickness of the plates and along the 

central line of the punched plate which was later measured by DHD technique as was 

shown earlier in Figure 4.36. Sample 3 was treated as a stress-free specimen to measure 

do.. The measurement of do on the plane sample was performed along the same path 

(through the thickness and in the centre) of sample 3, (unpunched sample). The initial 

lattice spacing (do) was measured along two axes, x and y. The measured do was then 

used to calculated the strains in the specimens containing residual stress and presented 
in the next section. 

For the C(T) specimens, sample numbers 4 and 5, measurements were performed along 
lines within the ligament of the specimen starting from the crack tip. The stress-free 
lattice spacing for the C(T) specimen was taken from the as-received plate (sample 3). 

However for the calculation of strains in C(T) specimens the average do along each axis 

were used. Figure 4.45(a) indicates the coordinate system used on the C(T) specimen 

and the measurement planes. The measurements were carried out on two planes over 

the specimen ligaments, plane 1 and 2. The measurements on plane 1 were conducted 

along thirteen parallel lines along the x direction and on each line 29 measurements 

were taken at equal intervals. The distance between the parallel lines along the 
direction of z-axes was 1.5 mm as shown in Figure 4.45(b). Lines I and 13 were 1mm 

out of the specimen. This was to make sure that the measurement lines between these 

two were inside the specimen. All measurements were repeated in direction y along the 
lines. Measurements along two positions were required in order to calculate the residual 
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stresses on the specified points assuming plane stress conditions. The same 

measurements were performed on a vertical plane, plane 2. However this time the 

measurements were carried out along seven lines and 15 points on each lines. In plane 

2, the distance between the lines was lmm as shown in Figure 4.45(c). The length of 

each line was shorter (12mm) with 1mm measurement interval on each line. 

Two C(T) specimens with different loading history, were measured using this 

technique. The conditions of two C(T) specimens are given in Table 4.9. Considerable 

time was saved by setting up two specimens together as shown in Figure 4.46. This was 

done to avoid extra setting up time to change the specimen. The layout shown in the 

figure was used to measure the strains along the x axis in both C(T) specimens. The 

errors in the residual stresses synchrotron measurements were estimated using 

equations given in Appendix D. The error bars will be shown in the diagram where the 

measured stresses are shown. 

4.3.3.2 Results 

Punched plate: 

The measured do through the thickness of sample 3 and along x and y directions are 
illustrated in Figure 4.47. The values of do are relatively constant in both directions. 

The residual strains in sample 1 (punched plate) was calculated using do obtained from 

sample 1 and are shown in Figure 4.48. Using the procedure described in the previous 

section the strains were converted to stresses assuming plane stress conditions for all 

measurements (equations 4.12 and 4.13). The in-plane components of residual stresses, 

o and Qmm, are shown in Figure 4.49. The estimated errors are included in the graph. 

The compressive residual stresses were between a minimum of -80 MPa and a 

maximum of -300 MPa as shown in the graph. The measured results confirmed a 
highly compressive residual stress field in both x and y directions. The error bars 

calculated from equations, available in Appendix D, and are also displayed in the 

graph. 
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Measurements on C(T) s ecimens, sample 4: 

The results of measurements on sample 4 (Table 4.9) are shown along the measuring 

lines. First the results of measured strains are shown for half of the plane 1. Then the 

results along symmetry lines are compared. Figure 4.50 illustrates the results along 

normal to crack length direction, y, for lines 3 to 7. In showing the results lines 1 and 2 

were ignored as for these two lines the gauge volume was partially out of the specimen 

(see Figure 4.45). The results overall showed more negative strains in the centre of the 

specimen (line 7) than just beneath the surface (line 3). Figure 4.51 compares the 

measured strains along y-axis for four sets of symmetry lines. A relatively good 

agreement can be seen among the measured strains along the symmetry lines in each 

set. The measured strain along x direction again for half of the plane 1 are shown in 

Figure 4.52. The average strains appeared to be tensile close to the surface and 

compressive along the centre line (line 7). The measured strains along the x-axis are 

compared in four sets and are illustrated in Figure 4.53. The level of agreement for c, C, 

was lower than %. 

The calculated residual stresses for plane 1 in sample 4 are shown in a similar manner 

to those for the strains. The residual stresses just beneath the surface are smaller than 

those in the centre of the specimen and are indicated in Figure 4.54. Results along the 

centre line showed compressive residual stresses for first 2mm from crack tip and then 

increase to tensile. This may arise as a result of not measuring do in this specimen. The 

results of residual stresses, ori, on the symmetry line showed good agreement as shown 
in Figure 4.55(a), (b), (c) and (d). Figure 4.56 and Figure 4.57 show the results of 

calculated residual stresses along x-axis, o,,, in plane 1 and along the symmetry lines. 

The measurements on plane 2 were performed on seven lines. The measured strains on 

plane 2 are shown in Figure 4.58(a) and (b) along directions y and x respectively for 

line numbers 1 to 4. As the measuring lines move toward the crack line (line 1 toward 

line 4) the normal strains, %, within 2mm from the crack tip vary from tensile to 

compressive. No particular variations were detected between the lines for strains along 

x-axis. For the plane 2, comparisons between the symmetry lines are performed for the 

residual stresses results. Residual stresses ay and Qxx for plane 2 are shown in Figure 
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4.59(a) and (b). Results in the centre lines showed compressive residual stresses for 

first 2mm from crack tip and then again increase to tensile. Results of two components 

of residual stresses along symmetry line are shown in Figure 4.60 and Figure 4.61. 

Three sets of symmetry lines shown in these figures indicated good agreement among 

each other for two components of residual stresses. 

Measurements on C(T specimens, sample 5: 

Al 2650 C(T) specimen was first side punched and then over loaded (Table 4.9). The 

X-ray synchrotron measurements for this specimen were carried out on the same planes 
(1 and 2). Only residual stresses are shown for sample 5. Figure 4.62 indicates two 

components of residual stresses measured on plane 1. Figure 4.62(a) shows that the 

peaks of normal stresses, a., in the region close to the crack tip have been reduced in 

comparison with those in sample 4. This can be a result of prior overloading that was 

performed after side punching. Similar to sample 4 the level of residual stresses in the 

centre of the specimen were higher than those close to the surface. Figure 4.63(a), (b), 

(c) and (d) compare residual stresses, o », along the symmetry lines in plane 1. Again a 

good agreement can be seen between each pair of symmetry lines. The same 

comparison was carried out for the other component of residual stresses, o, as shown 

in Figure 4.64. 

The results of measurements on plane 2 along the lines for two components of residual 
stresses are shown in Figure 4.65. The reduction in peak stress can be observed in the 

results of plane 2 as well. The results of symmetry lines for two components of stresses 

are shown Figures 4.66 and 4.67. 

The measurement results of both planes (1 and 2) in sample 4 showed an area of 
compressive residual stresses for almost 2 mm distance ahead of the crack tip. This 

could be argued relating to the measurement of do. As it was mentioned earlier, the 

measurement of do was performed on sample 3 and was not repeated for sample 4 and 
5. The average of the measured do from sample 3 was used in the calculations of strains 
for sample 4 and 5. The variation of do through the thickness of sample 3 along y-axis 
was about 0.001091 A. This amount of difference in do can vary the strains along this 
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axis for about 900 pe. Also the variation of do through the thickness of sample 3 along 

x-axis was about 0.000726 A. This amount of difference in do can vary the strains along 

this axis for about 600 ye. In other words, the effects of the EDM process and 

machining of the specimen notch has been ignored. The comparison between the results 

of sample 4 and 5 for the centre of the specimens and also the comparison of the 

common lines of two measurement planes (line 7 of plane 1 and line 4 of plane 2) will 
be discussed later in chapter 5. 

The next section presents all results from the fracture tests carried out on aluminium 

alloys 2650 and 2024 and A508 steel C(T) specimens. 

4.4 Fracture Experiments 

The present work was aimed at conducting tests to establish how fracture toughness is 

modified in the presence of residual stresses. This was achieved by using side punching 
to introduce normal tensile and compressive residual stresses ahead of the crack-tip in 

C(T) specimens. Also prior overloading was used to introduce residual stresses. 
Fracture experiments were performed on A508 pressure vessel steel and aluminium 

alloys 2650 and 2024 C(T) specimens. The details of cleavage fracture tests on A508 

steel at low temperature and ductile fracture in A12650 and A12024 are also described 

here. 

4.4.1 Displacement Controlled Fracture Testing 

Fracture tests were performed at room temperature for A12650 and A12024 specimens 
and low temperature for A508 steel specimens using an Instron tension rig under 
displacement control. Load was applied by loading rods and the U-shaped grips to the 

specimens. The rate of displacement was 0.003 mm/sec. The load and displacement 
data were monitored using an interface Zwick controller and recorded. The loading in 
fracture tests continued until the specimens fractured. The displacement was obtained 
using a calibrated clip-gauge, as described earlier in section 4.1. This method of testing 
is commonly referred to as fracture toughness test procedure and is described in detail 
by ASTM E399 [1996]. 
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4.4.2 Aluminium Alloy 2650 

4.4.2.1 Effect of Different Punch and Position 

The parametric study using FE analysis (chapter 3), showed the 25mm diameter punch 

produced greater tensile residual stress field than the 15mm diameter punch. This was 

verified experimentally. Both punch sizes, 25mm and 15mm were examined on 

aluminium alloy 2650 C(T) specimens. Each punch was positioned at two locations. 

The first location was at x/R=1.0 which was tangent to the crack tip. Second location 

was at x/R=0.6. In total five A12650 C(T) specimens, one as-received and four punched, 

were fractured at room temperature (specimens number 26-30, see Table 4.10). The 

level of indentation in all punched specimens was 1.6%. Details of the punching 

process for these specimens were described earlier in section 4.2. Figure 4.68 illustrates 

the fracture loads versus displacements of these five specimens. As it can be seen, the 

greatest reductions in fracture loads occurred when the 25mm punch was positioned at 

x/R=1.0 and 0.6. For these five specimens the displacements obtained from the stroke 

of the testing rig were used in the graph as the clip gauge was not used for these tests. 

A comparison between the toughness of these five specimens is shown in Figure 4.69. 

The values of toughness were calculated using the equations given in Appendix E. The 

results shows a maximum of 50% reduction in the fracture loads, but the reduction 
depends partly on the position of the punch tool. 

4.4.2.2 Statistical Effect of Single Punch 

To assess the effect of side punching on the apparent fracture toughness using the 

results from previous section, two sets of aluminium alloy 2650 specimens containing 
ten specimens in each set were prepared and fractured at room temperature. First set 

was as-received specimens without residual stresses and the second set was the 

punched specimens using a single punch positioned at x/R=1.0 with 1.60Yo indentation. 

Figure 4.70 illustrates load versus displacement curves of all A12650 specimens in two 

sets. The results indicated a significant reduction in the fracture load of the punched 
specimens. All sample numbers are according to Table 4.11. The fracture toughness 

was calculated using the standard in the ASTM E399 [1996]. The equations are given 
in Appendix E. Crack length for all the A12650 C(T) specimens were assumed equal to 
25mm as all the specimens were prepared using the EDM process. The distribution of 
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fracture toughness for ten as-received and ten punched specimens are available in 

Figure 4.71 as a function of probability of failure. The probability of failure was 

calculated using equation (3.6). 

Again more than a 50% reduction in the apparent fracture toughness was observed. The 

results suggested that the reduction in the apparent fracture toughness could be due to 

the tensile residual stresses following the punching process. 

4.4.2.3 Fracture Surfaces 

The observations of the fracture surface of AL2650 C(T) specimens revealed voids and 

second phase particles as illustrated in Figure 4.72. Figure 4.69(a) shows the voids on 

the fracture surface. This is similar to a typical ductile fracture surface. In the figure 

chains of voids coalescence are visible. 

4.4.3 Aluminium Alloy 2024 

As described earlier in chapter 3, the single punch process produced higher level of 

plastic strain around the crack tip region. Thus in order to study the effects of residual 

stresses only on fracture, double punch was used. The fracture behaviour of A12024 

was different from A12650. Unlike A12650 which gave a brittle behaviour, A12024 

displayed a more ductile tearing behaviour as shown in Figure 4.73. In the next section 
the results of fracture tests on aluminium alloy 2024 are described. 

4.4.3.1 Preliminary Tests 

Preliminary fracture tests were performed to compare the load versus displacement 

curves. A12024 C(T) specimens under various conditions with and without residual 
stresses were used. First a set of four specimens was used without residual stresses (as- 

received). Second and third sets including seven specimens between them were the 

punched specimens using double punch with tensile (double punch positioned at 
x/R=1.0) and compressive (double punch positioned at x/R= -1.0) residual stresses 
respectively. Details of these specimens are given in Tables 4.10 and 4.12. The double 

punch with a 20mm diameter was used. Load-displacement curves for these three sets 

90 



Chapter 4: EXPERIMENTS and RESULTS 

are shown in Figure 4.74. Tearing behaviour in all A12024 specimens with or without 

residual stress was observed. Also the maximum loads for the various sets of tests were 
different. For instance, the double punched specimens containing compressive residual 

stresses (x/R= -1.0) indicated about 17% enhancement in the maximum load. Also for 

double punched specimens containing tensile residual stress (x/R= 1.0) showed a 20% 

reduction of maximum load. The specimens were not side-grooved as this may have led 

to redistribution of the residual stress field. 

4.4.3.2 Resistance Curve Tests 

Based on the preliminary tests, it was decided to perform resistance curve tests for 

A12024 specimens. More specimens were prepared within the four sets (as-received, 

double punch with tensile residual stress, double punch with compressive residual 

stress and single punched with tensile residual stress) with similar procedures described 

in preliminary study. The specimens were then fractured according to the test procedure 

using multiple specimens to create a J-R curve [ASTM E813,1996]. The equations to 

calculate the amount of J-Integral are given in Appendix E. The J-integral was 

calculated by measuring the area under the load-displacement curves. J was later 

converted to a stress intensity factor Kj where 

_1 
JE K' 

1 -v2 
(4.14) 

E is the modulus of elasticity and v is Poisson ratio. In general, at least four specimens 

were used to characterise the crack growth resistance in each of the three sets of 
specimens (Table 4.12). It was necessary to record the crack length at different load 
level and after a certain amount of ductile tearing. A fatigue-cracking technique was 
employed to create a visible mark at the end of the torn region. The peak load in the 
fatigue loading was chosen to be lower than the maximum load reached during tearing 

stage. The fatigue testing was performed at a frequency of 5 or 6 s''. A sample of a 
fatigue-cracking mark on the tearing fracture surface is shown in Figure 4.75. The 

crack length was then measured at 9 points through the thickness of the specimens 
using a Mondo magnifier device. The average crack length was then calculated and 
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used in the J-R curves. The average amount of crack extension for each specimen is 

given in Table 4.12. 

Four specimens were used for the as-received set. Five specimens in second set were 

prepared by side punching using the double punch (x/R= 1.0). Generated tensile 

residual stresses ahead of the crack tip according to finite element analyses were 

expected to reduce the apparent fracture toughness. Also six specimens in the third set 

were side punched using the double punch (x/R= -1.0) and then crack resistance tests 

were carried out. The generated compressive residual stress field ahead of the crack tip 

in the third set was expected to enhance the apparent fracture toughness. Finally, a set 

of four specimens was side-punched using single punch (at x/R= 1.0). Load- 

displacement curves for each set of the specimens used for J-R curves are shown 

separately. Figure 4.76 shows the curves for as-received and double punched 

specimens. Load displacement data for single punched specimens are illustrated in 

Figure 4.77. Loading for each specimen was continued up to a certain level of load and 

displacement designed to obtain different crack lengths in each set. 

The calculated J for all specimens in the four sets are given in Table 4.12 and shown in 

Figure 4.78. Also the converted Kj for all tested specimens were determined using 

equation (4.14) and are given in the table. Figure 4.79 shows the resistance curves for 

all A12024 specimens. It can be seen that the material resistance (for as-received 

specimens) increased with increasing crack length. The initiation fracture toughness 

taken at 0.2mm crack extension was estimated to be 52 MPaIm from the diagram. A 

dramatic reduction of approximately 56% was observed in the apparent fracture 

toughness for specimens subjected to double punching and containing tensile residual 

stresses. The reduction in apparent fracture toughness for the specimens subjected to 

single punching was around 40%. Interestingly, this amount of reduction remained the 

same for longer crack lengths. The corresponding apparent fracture toughness in the 

presence of tensile residual stresses for at 0.2mm crack extension was 23 MPaim. Also 

an increase of 30% was observed in K., resistance curves between as-received and 
double punch with compressive residual stresses. However the material resistance 

curve converged toward the as-received set as the crack extensions increased. The 

corresponding apparent fracture toughness in the presence of compressive residual 

stresses at 0.2mm crack extension was 68 MPagm. 
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4.4.3.3 Fracture Surfaces 

The fracture faces for three specimens, as-received, double punched with tensile and 

also with compressive residual stresses are shown in Figure 4.80. In all cases the 

maximum ductile tearing occurred in the centre of each specimen. Although based on 
limited fractographic evidence, ductile tearing in the presence of a compressive residual 

stress field indicated more tunneling compared to the as-received case. Conversely 

specimens with tensile residual stress gave less tunneled ductile tearing. The presence 

of residual stresses also influenced the shape of the fatigue crack growth following 

ductile tearing. For example, in the as-received and in specimens containing tensile 

residual stresses the fatigue crack growth was uniform ahead of the tearing. However, 

for the specimen containing compressive residual stresses fatigue crack growth was 

confined to regions adjacent to the tearing. 

Fracture surface observations of A12024 specimens were carried out using a scanning 

electron microscope (SEM). The fracture surface of tearing and fatigue regions were 

slightly different as shown in Figure 4.81(a). It can be seen that the voids were 
dominant in the ductile tearing section. In the fatigue region, the density of the smooth 

surfaces was higher. The observations indicated voids and second phase particles in the 
fracture surface as shown in Figure 4.81(b). 

4.4.4 A508 Steel 

For fracture tests in A508 steel at low temperature, an environmental chamber, which 
was charged with liquid nitrogen, was used. Details of the fracture test procedures and 
devices used were described earlier in section 4.1. All fracture tests of A508 steel were 
performed at -170°C. Using a 0. lmm diameter wire, the resulting EDM notch width 
was approximately 0.15mm. The aim was to study the influence of residual stresses on 
cleavage fracture. In total, four sets of A508 steel specimens including thirty three C(T) 

specimens were fractured, under four load cycles; a set of as-received specimens, a set 
of punched specimens (single punched, x/R=1.0 with 2% indentation), a set of prior 
overloaded specimens (overloading to 62.5kN) and finally a combination of both 
(punched and then overloaded) with the same amount of indentation and load level. As 

mentioned earlier, side punching and prior overloading were carried out at room 
temperature. The specimens used in the study were given batch names according to 
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their load history. For instance, AR refers to the set of as-received specimens. The 

remaining sets are defined below, 

AR As-received - fractured at -170°C 

LUCF Prior overloaded- Unloaded at 20°C-Cooled-Fractured at -170°C 

PUCF Punched-Unloaded at 20°C-Cooled-Fractured at -170°C 

PULUCF Punched-Unloaded at 20°C- Prior overloaded- Unloaded at 20°C- 

Cooled-Fractured at -170°C 

Each specimen was numbered with a sample ID. The fracture load and fracture 

toughness of each specimen is available in Table 4.13. The values of fracture toughness 

were calculated using the ASTM, E399 standard [ASTM E399,1996]. The equations 

used to calculate fracture toughness are given in Appendix E. The load versus 
displacement curves for the eight as-received specimens are illustrated in Figure 

4.82(a). The experimental fracture toughness test results for all sets of specimens were 
distributed against failure probability Pf. The probability of failure was calculated using 

equation (3.6). The values of fracture toughness against probability of failure for as- 

received specimens are shown in Figure 4.82(b). The scatter of fracture toughness for 

as-received specimens was between 37 and 62 MPaJm. 

4.4.4.1 Prior Over Loaded Specimens 

Subjecting the A508 steel specimens to prior overloading cycle considerably improved 

the apparent fracture toughness. Eight fracture tests were carried out at -170°C 
following prior overloading. The fracture loads for the specimens in this set are given 
in Table 4.14. Load-displacement curves are shown in Figure 4.83(a). A great 
improvement was observed in fracture loads. The calculated apparent fracture 

toughness is also given in Table 4.14. The fracture toughness is plotted against 

probability of failure in Figure 4.83 (b). The results show a dramatic increase in the 

apparent fracture toughness of more than 100%. This explains the existence of 
compressive residual stress field ahead of the crack tip following prior overloading. 
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4.4.4.2 Side Punched Specimens 

The third set of eight specimens was subjected to side punching cycle and was followed 

by fracture at low temperature. Side punching (single punch, 2R/t=1.0, x/R=1.0) was 

performed at room temperature. The results obtained from each specimen are given in 

Table 4.15. Again load-displacement curves and distributions of apparent fracture 

toughness are shown in Figure 4.84(a) and (b) respectively. Results showed a relatively 

small reduction in fracture load and fracture toughness in comparison with as-received 

results. However one specimen (A1131) showed a higher fracture load and fracture 

toughness among punched specimens than as received specimens. Results of combined 

effects of side punching and prior overloading on fracture are presented next. 

4.4.4.3 Combined Side Punching and Prior Overloading 

Finally, a set of nine specimens was subjected to two loading cycles, side punching and 

prior overloading. Only the sequence of first side punching and then prior overloading 

was examined. Results of the fractured specimens at low temperature are given in 

Table 4.16. Load-displacement curves during fracture tests are presented in Figure 

4.85(a). A large enhancement of more than 100% was observed in fracture load. The 

scatter of fracture toughness also showed the same level of enhancement in comparison 
with as-received specimens as is shown in Figure 4.85(b). The results showed the same 
level of increase in apparent fracture toughness for PULUCF specimens as it was 
observed for LUCF specimens. Theses results will be shown together and discussed 
later chapter 5. 

4.4.4.4 Fracture Surfaces 

In order to verify the fracture mechanism in the A508 steel specimens some 
fractography examinations were carried out. To study and confirm the fracture 

mechanisms acting in A508 steel specimens, observations using SEM were conducted. 
Figure 4.86 shows the fracture surface in an A508 steel specimen fractured at -170°C. 
The rivers patterns can be seen in the figure. These patterns are evidence for cleavage 
fracture and confirm that cleavage fracture conditions dominated. Theses patterns were 
observed in all the A508 C(T) specimens with or without residual stresses. 
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5 DISCUSSION 

The work presented in this thesis consisted of three areas of research: first, the 

generation of residual stresses using predominantly a side punching technique and prior 

overloading and also the interaction of residual stress fields with subsequent loading; 

second, measurement of residual stresses and verification of FE analyses and third, the 

effect of residual stresses on brittle and ductile fracture i. e. prediction of failure in the 

presence of residual stresses. 

The following section examines and discusses the use of side punching as a residual 

stress generation technique in uncracked and cracked specimens. This technique was 

first employed on an elastic half-space to compare the resulting elastic stresses with an 

analytical solution. Then the results of residual stress measurements were compared 

with the FE predictions. Finally, the influence of different residual stress fields on the 

fracture behaviour of test specimens was explored. 

5.1 Elastic Stresses Following Side Punching 

The analytical solution for the indentation of an elastic substrate by a circular, flat- 

ended, punch is based on a half-space formulation of the substrate. A number of 

assumptions were made in the FE simulations. The punch was assumed to be rigid and 
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the dimensions of the half space were considered large enough to achieve the half space 

assumption in the simulations. 

Side punching was first used on a half-space and then the influence of remote 

boundaries was reviewed. For the finite size specimens, the half-space assumption was 

therefore no longer valid. No analytical solution is currently available for the finite size 

problem. The smallest dimensions used in FE modelling were adopted from the 

laboratory scale specimens, for a width approximately 60mm and thickness of 15mm. It 

can be seen (Figures 3.5 and 3.6) that compared with the half-space problem, there is 

only a relatively small change in the magnitude of stresses at the edge of the punch, but 

immediately beneath the indenter they are perturbed by up to approximately 30% for 

D/a = 0: 6 and R/a = 1: 2. The influence of simultaneously changing R and D was shown 
in Figure 3.9. The results indicate higher levels of stresses normal to surface and lower 

levels of in-plane stresses for the small specimen in comparison with the stresses in 

half-space and larger specimens subjected to the same level of indentation. 

The above technique for a real material can result in the generation of residual stresses 

provided the material exhibits elastic and plastic deformation. Although the finite 

element simulations at this stage only use elastic material properties, the consistency 
between FE and analytical results provided much more confidence in the finite element 

simulations where side punching was used to generate residual stresses. More notably 
the results acted as an effective benchmark for subsequent analyses and also 

experimental work as will be discussed later. 

5.2 Generation of Residual Stresses 

Side punching was used and developed to generate residual stress fields within 
laboratory specimens to study how residual stresses influence fracture behaviour. The 
different stages in the development of this technique are discussed in this section. The 

prior overloading technique was also used as a residual stress generating technique. 
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5.2.1 Single Punching 

The potential of side punching as a method of introducing a residual stress field in 

laboratory specimens was explored by performing numerical and experimental analyses 

using two cylindrical flat-ended, punching tools, applied simultaneously to both sides 

of the specimen. Side punching technique was first used on an uncracked aluminium 

2650 plate. The aluminium alloy 2650 plate, of dimensions 62.5mm x 60mm x 15mm 

and yield stress ay= 427 MPa, was subjected to side-punching using a punch of 

diameter 25mm. Finite element simulations indicated that the application of punching 

resulted in a compressive residual stress field through the thickness of the plate. Three 

different material hardening models, isotropic, kinematic and combined hardening, 

were used to study the behaviour of the aluminium alloy. The magnitude of the peak 

residual stress predicted through the thickness of the plate was found to be lower for the 

combined hardening model as shown in Figure 3.23. The role of the hardening model 

was therefore important. Nevertheless, as can be seen from Figure 3.24 the level of 

residual stress induced was just as sensitive to the degree of indentation. The 

symmetrical shape of the distribution was anticipated due to the symmetrical loading 

from both sides of the specimen. It was observed that the maximum compressive in- 

plane residual stress occurred in the centre of the plate and was about -320MPa. The 

in-plane residual stress close to the surface of the plate was about -120MPa. To 

validate the results for the residual stress fields obtained from FE analyses, 

measurements were conducted using several techniques. The measurement results are 
discussed in section 5.3. 

Residual stress fields were also introduced in fracture components using the side 
punching technique to study the influence of these stresses on fracture. Results of 
introducing residual stresses in cracked specimens indicated that the stresses were 
highly dependent on the diameter of the punch as well as its relative position to the 

crack-tip. This initiated a parametric study to explore the influence of position and size 
of the punching tools on residual stress fields which was later followed by experimental 
investigations. Numerical simulations using FE analysis demonstrated that through 
thickness tensile residual stresses were achieved for a punch diameter (2R) greater than 
the specimen thickness. It was found through the parametric study that significant 
tensile residual stresses normal to the crack plane and ahead of the tip are obtained by 
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positioning the punch tangent to the crack-tip using a punching tool diameter equal to 

the width of the ligament (see Figure 3.33a). The findings from the FE analyses were 

examined experimentally on A12650 C(T) specimens for two punch sizes, 25mm and 

15mm diameter. The experimental fracture studies (section 4.4.2) showed that for 

A12650 positioning of the punch over the crack tip was not as critical as initially 

expected. 

The same position of the punches was chosen for the 25mm thick steel specimens as 

the aluminium 2650 specimens (x/R=1.0). The comparison of Figures 3.43 and 3.40 

illustrates that side punching in the steel specimens produced a similar trend to the 

residual stresses as those for the aluminium specimen regardless of specimen thickness. 

However, the level of residual stresses generated in aluminium specimens was lower 

due to the different material properties. The other difference was that the tensile 

residual stress turned to compressive beneath the surface of the 25 mm thick specimen 
(see Figure 3.42). This was because of the larger thickness of the A508 steel specimen 

compared to the aluminium specimen. 

The finite element results showed that the application of side punching using a single 

punch resulted in accumulated plastic strains in the vicinity of the crack tip (Figure 

3.58) that might influence the subsequent fracture response. To reduce plastic strain at 
the crack tip, side punching was developed using two punches on each side of the 

specimen. 

5.2.2 Double Punching 

The application of double punching reduced the plastic deformation in the vicinity of 
the crack tip. Surprisingly, The double punch produced higher tensile residual stresses 
close to the crack tip in comparison with single punch. Although, the extent of the 
tensile residual stress field in the case of the double punch was smaller than the stress 
field resulting from a single punch (Figure 3.57). However the main advantage of the 

new technique was that the application of double punch provided the opportunity to 
study solely the influence of residual stresses on fracture by excluding the effect of 
accumulated plastic strain caused by the indentation ahead of the crack, as the punching 
area was removed from the vicinity of the crack tip. As with the single punch analyses, 
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finite element results revealed that the residual stress field was strongly dependent on 

both the size and the position of the punching tools. The geometry of the punching 

tools was limited by the amount of compressive load that the available test rigs could 

provide (up to -500kN compressive load). Another advantage of using double punches 

was that the technique could be used to generate both tensile and compressive in-plane 

residual stress field ahead of the crack by simply choosing alternative positioning of the 

punching tools. Two sizes of punches 15 mm and 20 mm diameter were examined and 

a parametric study was carried out. Results indicated that when the double punching 

tools were positioned at x/R=1.0 and x/R= -1.0, tensile and compressive residual 

stresses were produced ahead of the crack respectively. A schematic presentation of the 

punch positions are shown in Figure 5.1 [Mahmoudi, 2004]. 

Figure 3.56 showed the distribution of the residual stress normal to the crack plane, 

o, along the ligament of the specimen for the double punch positioned at x/R=1.0 and 

x/R= -1.0. The distribution of the compressive residual stress introduced was similar to 

the tensile residual stress distribution, however the level of compressive residual stress 

was lower. It should also be noted that for the FE analyses of double punches applied to 

cracked specimens, an isotropic model was used. Studies of different material 
hardening models of A12650 revealed that a lower residual stress field was generated 
for the combined hardening model compared to the isotropic model. Consequently, for 

A12024 a lower residual stress field than the results shown in Figure 3.56 would be 

expected. Both residual stress fields were introduced experimentally into the aluminium 
C(T) specimens. Side punching using single and double punch techniques showed 

promising results in generation of a known and reproducible residual stress fields. 

5.2.3 Prior Overloading 

Prior overloading was employed to generate compressive residual stresses within the 
C(T) specimens. This technique was used on A508 steel specimens with 25mm 

thickness. Finite element results showed that the generated compressive residual 
stresses extended for approximately 1.5mm from crack tip. Furthermore, as shown in 
Figure 3.60 there was a larger region of compressive residual stresses near to the 

surface of the specimen compared to the centre. The presence of compressive residual 
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stresses resulted in a large enhancement in apparent fracture toughness. Prior 

overloading was also used to examine the interaction of different residual stress fields. 

5.2.4 Interaction of Residual Stresses 

The interaction between residual stresses obtained from side punching and prior 

overloading was explored in A508 steel C(T) specimens. Only one level of indentation 

in side punching (2%) and one load level in prior overloading (62.5kN) were studied. 

Also only the sequence of first side punching and then overloading was examined. 

Results in Figure 3.62 revealed that the prior overloading performed after side 

punching completely redistributed the residual stresses generated from side punching. 
The residual stresses after side punching followed by prior overloading were similar to 

those resulted from overloading only. Nevertheless, it is evident that intermediate levels 

of overloading residual stress distributions intermediate to the two extremes shown in 

Figure 3.62 could be achieved. 

Finite element results of A12650 suggested that the prior overloading did not result in 

any noticeable change in the residual stresses from side punching apart from the initial 

0.2mm distance from crack tip. The difference between the interactions of residual 
stress fields obtained from side punching and prior overloading between A508 steel and 
A12650 specimens, are based on the amount of plasticity in each material. A508 steel 

showed large plastic deformation at room temperature, whereas the extent of plastic 
deformation in A12650 was very limited at the overload level applied to the aluminium 
specimen. This will be discussed later in section 5.4. 

5.3 Measurements of Residual Stresses 

The generated residual stress fields within the uncracked and cracked specimens were 
measured using a range of measurement techniques including synchrotron diffraction, 
deep hole drilling and incremental centre hole drilling. In this section all the 

experimental measurement results are compared with each other and also with the finite 

element predictions. The results are discussed under two sections, untracked and 
cracked specimens. All the measurements were performed on the aluminium alloy 2650 

specimens. 
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5.3.1 Uncracked A12650 Specimen Following Side Punching 

Comparison of the results (Figure 4.34) between two ICHD measurements on samples 
1 and 2 (Table 4.9) showed that similar residual stresses close to the surface were 

obtained irrespective of the level of indentation (1.6% in sample 1 compared to 1.9% in 

sample 2). The difference between their residual stress fields appeared deeper inside the 

specimens. Sample 2 with the higher level of indentation (1.9%) contained a higher 

level of residual stresses. For instance, in 0.5mm beneath the surface, sample I showed 

compressive residual stresses of -90MPa whereas the residual stresses in sample 2 at 

the same point were about -150MPa. Both ICHD measurement results showed 

compressive residual stresses which were in good agreement with other experimental 

measurement results. This is discussed next. 

In addition to ICHD measurement, DHD and HEXRD measurement techniques were 

performed also on sample 1. The results are shown in Figure 5.2(a). Deep hole drilling 

(DHD) and synchrotron X-ray diffraction results were found to have excellent 

agreement. Both measurements showed symmetrical distributions through the thickness 

of the specimen and also a peak compressive residual stress of about -280MPa for 

DHD measurement and -290 MPa for HEXRD measurement. The missing data on the 

results of DHD measurement are due to the prior ICHD measurement performed on the 

specimen. The surface compressive residual stresses measured by incremental centre 
hole drilling (ICHD) were also consistent with the results from the earlier techniques. 

A closer study of the measured residual stresses in the region close to the surface 
allows a more reliable assessment of near surface stresses. Figure 5.2(b) illustrates the 

measured stresses for 2mm beneath the surface. As the residual stress field was 
symmetrical, the measured stresses using ICHD technique was transferred to the other 
side of the plate in order to compare with other measurement results. A comparison 
between ICHD and DHD results indicated a relatively large difference between the 

stresses very close to the surface (first point of the ICHD measurement). This is not 
very surprising bearing in mind that introducing a reference hole in the DHD technique 
leads to some relaxation of residual stresses. A better agreement was observed for 

measurements at depths between 0.2 and 1.5mm beneath the surface. The attempt to 

carry out DHD measurement using the hole left from ICHD process was unsuccessful 
due to the large size of the hole diameter (>1.5mm). The intention was to have the 
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ICHD hole within measurable range of hole diameter in the DHD technique. However, 

the resulting hole size was still within the range for ICHD measurement. According to 

equation (4.10), the DHD measurement results on the above specimen can have a 

maximum level of 24MPa error in the measured residual stresses. The level of errors in 

HERXD results was calculated using the equations given in Appendix D and were 

shown in Figure 4.49. 

For the same level of indentation, the predicted and measured residual stress fields are 

compared in Figure 5.3 [Mahmoudi, 2003]. In general, the measurement results through 

the thickness and the predicted stresses exhibit similar trends. However, the FE 

simulations predicted 10% higher compressive residual stresses through the thickness 

of the plate than the experimental measurements. This difference between the results 

remains the same through the thickness of the plate as can be seen in Figure 5.3. There 

are two possible reasons for this. First, a fully three dimensional state of stress was 

modelled using FE, whereas the calculation of residual stresses from the measured 

strains was performed assuming plane stress conditions. This was because only two in- 

plane strains were measured. Second, it appeared that the hardening behaviour had a 

significant influence on the predicted residual stress fields (Figure 3.23). Therefore a 

more accurate hardening model for the used aluminium alloy might lead to better 

agreement between measurements and FE predictions. 

5.3.2 Fracture component Following Side Punching and Overloading 

Only the X-ray synchrotron diffraction technique was carried out on the cracked 

aluminium alloy 2650 specimen after side punching and combination of the side 

punching and overloading. The measurement planes were shown earlier in chapter 4. 
The measured residual stresses on two measurement planes and for two specimens (4 

and 5) were shown in the previous chapter in Figures 4.50 to 4.67. The results indicated 

good symmetry on each measurement plane due to symmetrical loading. Figure 5.4 

compares the measured stresses, o, and o, along the common line between planes 

I and 2 of sample 4 (line 7 on plane 1 and line 4 on plane 2). This figure also compares 
the predicted and measured stresses in the centre and close to the surface of sample 4. 
The level of residual stresses close to the surface of the specimen was lower than those 
in the centre. This was the case for both components of stresses. Very good agreement 
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can be seen between the results along lines 7 and 4 in planes 1 and 2 respectively for 

both stresses, 6n, and o. The consistency of the measured and predicted stresses was 

also good along the ligament of the specimen apart from first 2.5mm from crack tip 

where the predicted stresses were tensile and measured stresses turned to compressive. 
As was mentioned earlier the measurement of do was performed in another specimen 
(sample 3) and was not carried out on sample 4 and 5 before side punching and 

combination of side punching and overloading. The average of measured do from 

sample 3 was used in calculations of strains for sample 4 and 5. The variation of do 

through the thickness of sample 3 along y-axis was about 0.001091 A resulting in a 900 

its difference in strain. Also the variation of do through the thickness of sample 3 along 

x-axis was about 0.000726 A which can change the strain for about 600 PE. In other 

words, the effects of the EDM process and machining of the specimen notch on do have 

been ignored. This may explain the disagreement between the predicted and measured 

stresses in the region close to the crack tip. 

The comparisons between the predicted and measured residual stresses are repeated for 

sample 5. Figure 5.5 illustrates the residual stresses in sample 5 obtained from finite 

element simulation and measurement. Again disagreement between predicted and 
measured stresses was observed in the region close to the crack tip. The argument 

concerning do mentioned above can be used here for sample 5 as well. 

Figure 5.6 compares the measurement results obtained from samples 4 and 5. The 

experimental measurement results suggested that the peak of tensile residual stress in 

sample 4, ay, was reduced following the prior overloading performed on sample 5 

and modified the residual stress distribution until 6mm away from crack tip. This was 
not expected due to the negligible amount of plastic deformation during overloading 
process on A12650 C(T) specimen (sample 5). However the finite element findings 

showed very small change in residual stresses from side punching caused by prior 
overloading. Experimental results suggested that the residual stresses remained 
unchanged along the rest of ligament. The difference between the predictions and 
measured stresses in sample 5 might be an effect of using do obtained from sample 3. 
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Overall, excluding the first 2.5mm of the ligament, the measurement results verified the 

residual stress distribution obtained using finite element simulations from side 

punching. The influence of stress fields resulting from side punching and their 

interaction with stress fields left by prior overloading on fracture behaviour and the 

results of the fracture tests in the presence of residual stresses are discussed in the next 

section. 

5.4 Effects of Residual Stresses on Fracture 

In this section the influence of residual stress fields on fracture for both aluminium and 

steel specimens is discussed together with the applicability of two failure predictions. 

5.4.1 Aluminium Specimens 

5.4.1.1 Aluminium 2650 

The results (Figure 4.68) showed that the positioning of 25mm punch at x/R=1.0 

reduced the fracture load and apparent fracture toughness by more than 50%. The 

maximum reduction in fracture load due to the tensile residual stress field occurred in 

the case of specimen punched with 25mm diameter (Figure 4.69). The 25mm punch 

was examined experimentally at two positions (x/R=1.0 and x/R=0.6) and produced 

almost the same amount of reduction in fracture toughness. The predicted residual 

stresses following application of both sizes of the punches on 15mm thick A12650 

specimens were shown in Figure 3.38(a). The results showed lower level of tensile 

residual stresses for 15mm punch (2R/t=1.0) compared to those obtained from the 

25mm punch (2R/t=1.6). This explains the further reduction observed in fracture 

toughness shown in Figure 4.69 for the 25mm punch compared to the 15mm punch. 

The presence of tensile residual stress normal to the crack plane as produced by the side 

punching technique, was expected to have a dramatic effect on the apparent fracture 

toughness of aluminium specimens. In the fracture test of aluminium 2650, the load- 
displacement curve was almost linear up to the fracture point and the amount of plastic 
deformation was negligible. LEFM was therefore used to examine the fracture 

toughness for the as-received and punched specimens. Figure 4.71 showed the 
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statistical variation of fracture toughness for both the as-received and punched A12650 

specimens. The presence of tensile residual stresses normal to the crack plane has a 

dramatic reduction on the apparent mean fracture toughness, around 15 MPa'm (about 

50%) in A12650. The failure probability distribution as a function of fracture toughness 

before and after local compression appears to be slightly different with evidence of 

increased scatter in the punched specimens compared to as-received specimens. 

Meith and co-workers [Meith et al, 2002] predicted a reduction in fracture toughness 

due to local compression using the RKR model. However, their results of fracture 

predictions showed that local compression should reduce toughness up to 60% relative 

to the as-received specimens. This is close to our test results. 

5.4.1.2 Aluminium 2024 

Double punching process was carried out on aluminium alloy 2024 C(T) specimens. 

Typical variations of load against load line displacement for the as-received (AR) and 

punched specimens (Figure 4.74) showed a tearing stage of the AR specimen that 

started at 16.5 kN of applied load. The tearing point for the specimen containing tensile 

residual stresses was much lower and started about 7kN applied load. The tearing point 
for the specimen with compressive residual stresses was 20.5kN which was 25% higher 

than the load for the AR specimens. The tearing stage in side-punched specimens using 

single punch started at almost 11 kN load. 

The Kj resistance curves were shown earlier in Figure 4.79. The results illustrated that 
both residual stress fields (tensile and compressive) have significant influence on 
fracture. The results suggested where the FE simulation predicted tensile residual stress 

a reduction in fracture toughness was observed. Furthermore, where the findings of the 
FE analyses showed compressive residual stresses ahead of the crack tip, an 

enhancement in apparent fracture toughness was observed. The experimental results 

revealed that the presence of compressive residual stress increased the apparent fracture 

toughness by about 30%. In contrast the presence of tensile residual stress decreases the 

apparent fracture toughness by about 50% in the case of using double punches. This is 

possibly a reflection of the lower magnitude of compressive residual stresses after 
double punching compared with the tensile residual stresses (see Figure 3.55). 
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The increase in apparent toughness in the presence of compressive residual stress 

however exhibited a lower slope in the tearing resistance curve compared to the as- 

received specimens. Similar to the single pairs of punches for residual stress generation 

prior to fracture loading in A12650 samples, the reduction in toughness for A12024 after 

side punching using double punch was about 50%, irrespective of the extent of crack 

growth as shown in Figure 4.79. The amount of reduction in apparent toughness of 

A12024 specimens containing tensile residual stresses caused by single punch was 

about 40%. 

The extent of residual stresses for both tensile and compressive residual stresses after 

the application of double punch were the same up to 2mm. Therefore, it was expected 

to have the same level of stress intensity for all sets after crack length reached to 2mm. 

However, this was not the case for specimens containing residual stresses in all the sets. 
The slope for the specimens with tensile residual stresses remained the same (this is the 

case when ignoring the last point of the single punched set as it was beyond the valid 

crack length for J-R curve as shown in Figure 5.10). Conversely, the slope of the 

specimens with compressive residual stresses was converging with the as-received set. 

The resistance curves also indicated a higher level of reduction in fracture toughness of 

side-punched specimens using the double punch positioned at x/R=1.0 than those 

punched using single punch located at the same position. This can be explained using 
the FE findings. The distributions of residual stresses obtained from the finite element 
simulations shown in Figure 3.57 suggested that double punch created a higher level of 
tensile residual stresses than the single punch. This resulted in higher reduction of 
fracture toughness in the case of punched specimens with double punch. 

It was shown from earlier results that the double punch induced a lower level of plastic 
strain in the vicinity of the crack tip (see Figure 3.58). Having observed the 50% 

reduction in fracture toughness following application of the double punch positioned at 
x/R=1.0, suggests that the effect of plastic strain was negligible. 

Earlier studies on A12024 have revealed similar results. The influence of residual 
stresses on large A12024 plates was examined by Sharples and co-workers [Sharples et 
al, 1993]. The aluminium plate had dimensions of 2300mm by 1000mm and thickness 
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of 25mm containing a central crack of 133mm. The tensile residual stress was produced 

by welding within the plate with a level of 90MPa. The results of the load as a function 

of crack growth were compared for plates with and without tensile residual stresses. An 

overall reduction of approximately 50% was observed in the load-crack growth curve 
for the plates containing residual stresses. 

Finally, in the literature, punching is used to relax residual stresses i. e. welding residual 

stresses, [Towers et al, 1982]. Towers and co-workers suggest that the crack front 

shape of a fatigue-crack in presence of residual stresses is not straight and relaxation of 

the residual stresses by punching generates a straight front crack. Based on the 

observation of fracture faces in aluminium specimens in this research shown earlier in 

Figure 4.80, a straight crack can be produced in presence of tensile residual stresses as 

well. Therefore in their cases, the tensile residual stresses might have been produced 

that has not been considered. 

5.4.2 A508 Steel Specimens 

Two techniques, side punching and prior overloading were used to generate tensile and 

compressive residual stress fields in the A508 steel specimens and also interaction of 
two residual stress fields. Four sets of the specimens with different load histories were 

prepared. The as-received condition (AR), side-punched followed by fracture loading 

(PUCF), prior overloaded specimens followed by fracture loading (LUCF) and finally 

combination of side punching and prior overloading to fracture (PULUCF). Figure 5.7 

shows the probability of failure as a function of fracture toughness for four sets of 
specimens. The comparison of the results from the different sets suggests that the 

reduction in fracture toughness in the case of side-punched specimens was lower than 

the reduction in aluminium alloys 2650 and 2024 specimens. Comparing the results 
between the AR and punched sets shows that there is a reduction in fracture toughness 
in the punched specimens in lower probability of failure (up to 60% Pf). The values of 
fracture toughness above 60% probability of failure for both sets are not 
distinguishable. Finite element findings shown earlier for punched A508 specimen 
(Figure 3.42) indicated that the extent of tensile residual stress was mainly in the centre 
of the specimen and not through the whole thickness. Mirzaee-sisan and co-workers 
[Mirzaee-Sisan, 2005] studied the effect of side punching on A533B C(T) specimens 
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using the same size punch (25mm diameter) and located at the same position (x/R=1.0). 

They also reported a reduction of about 11% and this agrees well with the findings of 

this research. 

The other argument is that EDM process might have produced compressive residual 

stresses in front of the crack tip. Although there were some uncertainty about the results 
for first 2mm due to not measuring the do before punching process in the same 

specimen, but if the presence of compressive residual stress due to EDM process is 

accepted, it might explain the limited reduction in fracture toughness in experimental 

results. However, this was not supported by the A12024 results as these were also 

prepared using EDM process and a large reduction in fracture toughness was observed. 

The results show an enhancement of more than 120% in fracture toughness of the 

overloaded specimens. Fowler [Fowler, 1998] has examined the effect of warm pre- 

stressing on the A533B SEN(B) specimens. The results showed an improvement of 

about 80% in apparent fracture toughness which was lower than the reported results for 

LUCF set in this work. Figure 5.7 also illustrates that the amount of enhancement for 

prior overloaded specimens (LUCF) and side-punched, then overloaded specimens 
(PULUCF) were similar. This suggested that the stress state for these two sets of 
specimens were alike. The fact that the residual stress distributions for these two sets 
were very similar (Figure 3.62) showed that the residual stress field resulted from side 
punching has been eliminated during the preload-unload path of the load cycle. 

The stress distributions during fracture loading for various load cycles were used to 

predict the failure probability distributions in the fracture specimens. For the cleavage 
fracture in the steel components the stress-based local approach was used. For the 

aluminium specimens, as the fracture was not cleavage, another approach was 
examined to predict the stress intensity corresponding to the present residual stress field 

within the specimen. The latter approach was also used for the steel specimens. 
Comparisons between predictions and experimental results are discussed in the next 
sections. 
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5.4.3 Prediction of Failure 

5.4.3.1 Prediction of Failure Using a Local Approach 

The local approach was used to predict the side punching and prior overloading on 

cleavage fracture. Application of this approach was extended further to examine its 

potential in predicting the combined effect of residual stresses from side punching and 

then overloading on subsequent low temperature fracture conditions in A508 steel 

components. The Weibull parameters were calibrated using the AR fracture data for 

A508 C(T) specimens and used for all other configurations. In this section, the 

predicted fracture probabilities presented in chapter 3 are discussed and compared with 

the experimental results. 

Figure 5.8 illustrates all experimental fracture data obtained from A508 steel specimens 

and the results of predictions for different sets. It can be seen that the model predicted 
lower values of toughness distribution compared to the distribution of the experimental 
findings although the trends are consistent as the model predicts considerable 

enhancement in apparent fracture toughness due to prior overloading. The results for 

punched specimens showed that the local approach predicted lower fracture toughness 

than those obtained from experimental tests. Although the trends in predictions are 
consistent with the experiments, they are not fully supported by the experimental 
findings. Residual stress distributions for LUCF and PULUCF cycles proved to be very 
similar as described in the previous section. Consistent with those distributions, the 
predictions for fracture toughness distributions for the corresponding load cycles also 
suggested virtually identical enhancement and very similar distributions were obtained 
as shown in Figure 5.8 [Mahmoudi, 2003]. 

For the differences between the predictions and experimental data, there are a few 

points to take into account that can help to explain the findings. Besides the residual 
stresses, crack tip blunting may have also an additive influence on fracture and 
contribute to the enhancement in fracture resistance. The fact that both side punching 
and prior overloading were performed at room temperature, when the material response 
was ductile, suggests that these processes resulted in crack tip blunting. The difference 
in predicted and experimental observations may be due to the contribution of blunting 
that is not included in the local approach' prediction. The other argument that only 
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applies for PUCF data is that side punching using flat-ended punch might have 

influenced the microstructures through pre-straining (for instance, crack initiators). 

The difference between the predictions and experimental results was also observed in 

the prior overloaded specimens. However the local approach has been known to give a 

good prediction for the effect of warm pre-stressing in A533B steel SEN(B) specimens 
[Hadidi-Moud et al, 2004]. In their work the local approach predicted a 80% 

enhancement in fracture toughness and was confirmed by their experimental results. 
The amount of enhancement in A508 steel specimens following overloading was more 

than 120% which was much greater than the amount expected. Figure 5.8 indicates a 

prediction of about 80% enhancement for A508 specimens following prior overloading 

which agrees with the findings by Hadidi-Moud [Hadidi-Moud et al, 2004]. Also 

similar to the local approach prediction results shown here for the punched specimens, 
the predicted results from [Mirzaee-Sisan, 2005] for the apparent fracture toughness 
have been found to be lower than the experimental predictions for the punched 

specimens. The same disagreement between predicted and experimental results has 

been observed in another set of specimens containing tensile residual stresses obtained 
from in-plane compression on A533B SEN(B) specimens (described earlier in chapter 
2). The results for these predictions using the local approach showed a lower level of 
fracture toughness than the experimental scatter. 

For the prediction of failure in aluminium specimens, the local approach could not be 

used, as this method is only applicable to cleavage fracture. A simple approach using a 
Williams series [Anderson, 1995] was employed to predict the stress intensity 

corresponding the residual stress field. This technique was used for all experimental 
data including steel and aluminium components. This is discussed in the next section. 

5.4.3.2 Prediction of Kres Using Williams Series 

The William series [Anderson, 1995] are used to formulate the elastic stress 
distribution at a distance from the crack tip. A numerical technique to estimate the 

stress intensity factor corresponding to the residual stress field (Kres; dual)was examined. 
This method involved fitting a singular distribution to the crack tip stresses obtained 
from finite element analyses. If small-scale conditions apply, the stress distribution 
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along the crack can be divided into three different regions of which one will be K 

dominant. The first three terms of the Williams series [Williams, 1957] is shown 
below, 

K1 
+Yoro+Y, -Fr+..., 

-, 
f2--; zr 

(5.1) 

where Kj is the stress intensity factor, r is the distance from the crack tip and Yo and Yi 

are constants. This series was employed to fit a curve to the stress distributions normal 

to the crack obtained from finite element simulations from the centre of the specimens. 
A least squares curve fitting technique was used to find the parameters of equation (5.1) 

(K, , Y. and Y, ). The first parameter is the stress intensity factor. 

The residual stress distribution was gained from finite element analysis as described 

earlier in chapter 3. The normal residual stresses (6Y) in the centre of each specimen 

were considered for the series to be fitted. Systematic attempts using the first three 

terms, the first two terms and only the first term of the series to fit the stress 
distribution were examined. Figure 5.9(a) shows the fitted curve using three terms of 
the series over the whole ligament. The results indicated that a better fit was achieved 
when using two terms of the series over the first 2mm of the specimen ligament as 
shown in Figure 5.9(b). The compressive residual stress field resulted in a negative 
stress intensity. The apparent stress intensity for the compressive residual stress field 
(using double punches) obtained from the fitted curve was around -18 MPa(m)112. The 
Williams series parameters for all specimens are given in Table 5.1. By assuming that 
the fracture toughness of material is known the apparent stress intensity for the 

component containing residual stresses can be estimated using the superposition as 
below, 

Kapplied = KAR 
- 

Kresidual 
(5.2) 

The fracture toughness from the experiment for Sa=0.2mm was 52 MPa(m)112 for the 
as-received aluminium 2024 components. Thus the stress intensity can be calculated as, 
Kapplied=52-(-18)= 70 MPa(m)'12. This apparent stress intensity illustrates an excellent 
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agreement with the observed experimental enhancement in apparent stress intensity 

(shown in Figure 5.10) containing compressive residual stresses which was around 68 

MPa(m)"2 at 5a=0.2mm. The same approach was used for the aluminium specimens 

containing tensile residual stresses left from the application of double punch. Again a 

good fit was achieved using the first two terms of the William series over the 2mm of 
ligament as shown in Figure 5.11. The fitted parameters are given in Table 5.1. The 

other fitted curves to different length of ligament are not shown here. The stress 
intensity corresponding to this tensile residual stress field obtained from the fitted curve 

was Kres; dual =29.5. The experimental findings for K.,, shown in Figure 5.10, indicated a 

reduction in apparent fracture toughness equal to 29 MPa(m)"2 for double punched 

specimens containing tensile residual stresses which revealed a good correlation 
between numerical predictions and experimental results. Using equation (5.2) gives the 

effective stress intensity to be 22.5 MPa(m)"2. 

The same technique was applied for the application of single punch on A12024 

specimens and the amount of 14.2 MPa(m)112 for K, esid�Ql was predicted. This was 

slightly lower than the experimental findings for single punched set of specimens. In 

the results shown in Figure 5.10, the last point of the single punched specimens with 
the average crack larger than 2.5mm (beyond the valid limit) has been omitted. The 

comparison of the experimental results and the predictions for different sets of A12024 

specimens are summarised in Figure 5.12 where changes in toughness has been plotted 
against the predicted Kres for each set. 

From the results illustrated in Figure 5.10, it is noticeable that the specimens with 
tensile residual stress indicated the same slope in resistance curve as the as-received 

specimens. It is also interesting that the same slope was observed for two tensile 
residual stress field obtained from application of single and double punch. For 
discussion sake, if it is assumed that the amount of energy in resistance curve can be 
divided into two parts, the energy that is required to initiate the crack (corresponding to 
KJ(&=o) obtained at 6a=0) and a second stage where energy is required to extend the 

crack (corresponding to Kj(&, )). Values for KJ() are shown in Figure 5.13. The results 
showed almost the same slope for as-received set and the sets including tensile residual 
stresses. However a dramatic difference in slope for the set containing compressive 
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residual stress is observed. It can be concluded that the contribution from the residual 

stresses in K�, (&=o) is known as shown earlier in Figure 5.10. The contribution of 

residual stress fields to KJ(&) is not known. 

This Williams series approach was also employed for A12650 specimens. The results of 

the apparent toughness against predictions are shown in Figure 5.14. All the predictions 

were obtained using a William series over the initial 2mm of the ligament for each 
A12650 punched specimen and the findings are given in Table 5.1. The experimental 

toughness for these A12650 specimens were shown earlier in Figure 4.69. The predicted 
Kres for all specimens was about 17 Ma(m)112 apart from the specimen punched at 

x/R=0.6 using 15mm diameter single punch (2R/t=0.6). A disagreement between 

experimental and predicted results were observed for this specimens. However all 

experimental results shown in Figure 5.14, were obtained from only one specimen in 

each case apart from the punched specimen at x/R=1.0 using single punch size 2R/t=1.6 

(for this punch size and position a scatter of data was obtained). 

Finally, the above approach was examined for the A508 steel specimens to study the 

capability of this method for the steel specimens. In the steel specimens a compressive 

residual stress field was produced using preloading technique. Figure 5.15 illustrates 

the fitted curve using two terms of the William series for 2mm of the stress distribution. 

The amount of obtained Kresid�Ql was -56 MPa(m)112. The observed enhancement in the 

experimental results for overloaded specimens at 50% probability of failure 
, Pf, 

(Figure 5.7) was around 70 MPa(m)"2. The prediction showed a lower level of 
enhancement in comparison with the experimental results. For the steel specimen 
containing tensile residual stresses this approach predicted a reduction in the stress 
intensity equal to 11.7 MPa(m)"2. The reduction in the stress intensity of punched 
specimens at 50% probability of failure was about 8 MPa(m)"2. A summary of the 

experimental and predicted results are shown in Figure 5.16. The same level of K8 8S was 
predicted for PULUCF set as that set contained the same distribution of residual 
stresses as LUCF set. 

The same method was used for the as-received steel specimen as well. The fitted 

parameters are reported in Table 5.1. The loading stress distribution was gained from 
the FE simulation where the applied load was around 30kN. The fitted curve is shown 
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in Figure 5.17. The amount of stress intensity that obtained from the fitted curve was 
52.2 MPa(m)112 that shows a good consistency with the experimental results for as 

received specimens. 

It can be concluded that the study of stress distribution in the fracture components can 
lead to an estimation of stress intensity even in the structures containing residual 

stresses. Fairly acceptable predictions for stress intensity in fracture specimens used in 

this research in presence of residual stresses were found. Furthermore, the estimations 
displayed good agreement with the experimental findings for the components 

containing residual stresses. 
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6 CONCLUSIONS AND FUTURE WORK 

6.1 Concluding Remarks 

In this thesis various experiments were undertaken to investigate the influence of 

residual stresses on fracture behaviour. A novel application of side punching technique 

was developed and used to introduce residual stresses in the laboratory specimens. 

Initially side punching was examined on the elastic half-space to compare the finite 

element results against the analytical solution. Also prior overloading method was used 

to induce residual stresses in the fracture specimens. To determine the residual stresses 

following side punching, the centre-hole measurement method, the deep-hole 

measurement method and X-ray synchrotron diffraction technique were used. Good 

agreement between these experimental techniques and FE simulations was achieved. A 

series of experiments examined the influence of different residual stress fields in A508 

steel specimens. The influence of residual stresses in aluminium alloys 2650 and 2024 

and A508 steel specimens has also been addressed. Using the local approach, the 

apparent fracture toughness of A508 steel specimens at low temperature in presence of 

residual stresses was predicted. Also based on the Williams series, predictions of the 

stress intensity corresponding to the residual stress fields have been examined and 

compared with the experimental results. The conclusions of this research are: 
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Generation of residual stresses: 

1. The elastic stress field in a half-space during side punching using a flat-ended, 

cylindrical punching tool has been compared with analytical solutions and good 

agreement was observed. 

2. The residual stress field following side punching in a half space has been studied. 
It has been shown that a compressive residual stress field is produced regardless 

of the level of indentation. However, it has been shown that increasing the level of 
indentation results in the enhancement of the maximum peak of the residual 

stress. 

3. The ability of the side punching technique using two punches applied 

simultaneously to the sides of the specimen to generate residual stresses in 

laboratory-sized specimen (uncracked plate) has been demonstrated. Normal and 
in-plane compressive residual stresses were predicted following unloading. 

4. Side punching was employed to generate residual stresses within fracture 

specimens. It was shown that side punching was capable of introducing tensile 

residual stress ahead of the crack whereas the technique introduced compressive 
in-plane residual stresses in the uncracked specimen. 

5. A parametric study demonstrated that the residual stress field is highly dependent 

on the size and the position of the punches. It has been shown that in 15mm thick 

compact tension C(T) specimens, a 25mm punch located tangential to the crack 
tip (x/R=1.0) produces a high level of tensile residual stress field. 

6. Finite element results have shown that there is plastic strain around the crack tip 

area following side punching using a single punch. Further FE studies showed that 
by using a double punch configuration for side punching technique the plastic 
strain is reduced. 

7. Finite element studies showed that the residual stresses generated using double 

punches were dependent on the size as well as the position of double punches. A 
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parametric study of double punch revealed that both tensile and compressive 

residual stresses could be generated ahead of the crack tip. 

8. Prior overloading was used to generate residual stresses and also redistribute the 

residual stresses left from side punching in A508 steel specimens. It has been 

shown that if the load is sufficient the overloading removed the existing residual 

stress field generated by side punching. 

Measurement of residual stresses: 

9. The residual stresses through the thickness of the specimen were measured using 
three measurement techniques, ICHD, DHD and HEXRD, and compared. There 

was excellent agreement between results obtained using these experimental 

measurement techniques. 

10. The measured residual stresses were compared with FE simulations. Good 

agreement was observed between the FE predictions utilising a combined 
hardening material model and measurements. Both results confirmed that the 

compressive residual stresses had been produced through the thickness of the 

specimen and the maximum of these stresses was in the centre of the specimen. 

11. The X-ray synchrotron diffraction technique was employed to measure the 

residual stress field within the punched C(T) specimen. The measurements were 
in reasonably good agreements with the FE predictions for stresses across the 

uncracked ligament. However near to the crack tip the agreement was not as good. 

Influence of residual stresses on fracture: 

12. A reduction of approximately 50% in load bearing capacity and apparent fracture 
toughness was produced in aluminium alloy 2650 C(T) specimens by side 
punching using flat-ended punches located tangential to the crack tip. A limited 
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set of experimental results for A12650 specimens also revealed a 50% reduction in 

apparent fracture toughness. 

13. Experimental tests using A12024 C(T) specimens generated J-R curves for the as- 

received material and the material containing residual stresses following double 

punching. The results showed approximately a 50% reductions and 30% 

enhancement in the apparent fracture toughness in the presence of tensile and 

compressive residual stresses respectively. 

14. The slope of the resistance curves was the same for all specimens containing 

tensile residual stresses, while a lower slope was obtained for specimens 

containing compressive residual stresses. 

15. The side punching technique was also performed on A508 steel specimens. Low 

temperature fracture tests showed a 15% reduction in toughness, however not as 
large as expected. 

16. The experimental fracture tests on the A508 steel specimens illustrated a large 

enhancement of around 120% in apparent fracture toughness following prior 
overloading alone. They also showed the same level of enhancement in the 

apparent fracture toughness of the side punched and preloaded specimens. This 

confirmed the similarity of two residual stress fields. 

Prediction of failure: 

17. A local approach based on the Beremin model was used to predict the failure in 

presence of residual stresses in steel specimens. The results of predictions showed 
the same trends as the experiments. 

18. For aluminium tests the stress intensity corresponding residual stress field, 
Kresldual, was predicted using the William series. A good agreement was observed 
between the prediction and the experiments for both compressive and tensile 
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residual stress field. This technique was examined for all experimental results and 
showed fairly good predictions. 
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6.2 Recommendations for Future Work 

Like any other study this one could not cover all topics of interest. In addition in the 

course of this research new questions have arisen. Therefore in the following some 

suggestions for further work are given. 

" Although a reasonably high level of residual stress field was achieved using 

25mm diameter punch, the bigger size of the punch was not studied due to the 

limitation of experimental facilities. Using a bigger size of punch might lead to 

higher level of residual stresses especially within the steel fracture specimens 

and causes more reduction in apparent fracture toughness than observed. 

0 In the study of the interaction of the different residual stress fields which was 

carried out on the steel specimens, the effect of sequence of the residual stresses 

was not studied. We now know that preloading can remove the residual stresses 

obtained from side punching. The question is how does side punching alter the 

residual stresses following preloading? 

" As was shown that the reduction of apparent fracture toughness of the punched 

steel specimens was not as dramatic as observed in the aluminium specimens. An 

argument is that the side punching may influence the fracture micro mechanisms 

of steel and change the potential initiation sites for onset of cleavage fracture. 

The application of side punching using double punches can be used to study the 
interaction of different residual stress fields. Particularly important is the question 

of the sequence of introducing residual stresses and how the sequence influence 

the subsequent fracture. 

" Side punching is used to relax the welding residual stresses. There is a debate that 
this technique actually releases residual stresses or redistribute them. This can 
have a great influence on the failure prediction. 

" Measurement of residual stresses using X-ray synchrotron diffraction technique 

can be repeated on punched specimens having the information of initial lattice 

121 



CONCLUSIONS and FUTURE WORK 

spacing from similar specimen before punching and along the same path of 

measurements. 

122 



REFERENCES 

References 

ASTM E399, (1996) Test method for plane-strain fracture toughness of metallic 

materials, Annual Book of ASTM Standards, 03.01. 

ASTM E8M, (1996) Test methods for tension testing of metallic materials (metric), 

Annual Book of ASTM Standards, 03.01. 

ASTM E813, (1996) Test method for Jjj, a measure of fracture toughness, Annual 

Book of ASTM Standards, 03.01. 

ASTM, Proposed Annex to E1290, (1998) Weld Fracture Test Standard Revision 6. 

Ainsworth, R. A., Sharples, J. K. and Smith, S. D. (2000) Effects of residual stresses 

on fracture behaviour -experimental results and assessment methods, Journal of Strain 

Analysis for Engineering Design, 35(4), pp. 307-316. 

Almer, J. D., Cohen, J. B. and Winholtz, R. A. (1998) The effect of residual 

macrostresses and microstressses on fatigue crack propagation, Metallurgical and 

Materials Transactions A, 29, pp. 2127-2136. 

Anderson, T. L. (1995) Fracture mechanics, fundamentals and applications, CRC 

Press, Boca Raton. 

Beremin, F. M. (1983) A local criterion for cleavage fracture of a nuclear pressure 

vessel steel, J. Metall Trans., 14A, pp. 2277-2287. 

Bonner, N. (1996) Measurement of residual stresses in thick section steel welds, PhD 

thesis, Brsitol: University of Bristol. 

Boussinesq, J. (1885) Application des potentials a l'etude de 1'equilibre et du 

mouvement des solides elastiques. Paris: Gauthier-Villars, pp. 45-108. 

Butler, E. P., Owen, N. J. and Field, D. J. (1985) Void nucleation in a quaternaryAl-Li 

alloy, Materials Science and Technology, 1, pp. 531-536. 

123 



REFERENCES 

Carssou, S. (1999) Delenchement du clivage dans un acier faiblement allie: role de 1 

endommagement ductile localise autour des inclusions, PhD thesis, Paris: Ecole des 

Mines. 

Catherine, C. S. and Poussard, C. (2000) Prediction of cleavage toughness on C(T) 

specimen, Numerical Round Robin on Micro-Mechanical Models, ESIS TC 8. 

Ceretti, M., Hippsley, C. A., Hutchings, M. T., Lodini, A. and Windsor, C. G. (1997) 

Neutron diffraction measurement of the triaxial stress field in a fatigued test specimen, 

Physica B, 234-236, pp. 969-971. 

Dugdale, D. S. (1960) Yielding of steel sheets containing slits, J. Mech. Phys. Sol., 8, 

pp. 100-108. 

Follansbee, P. S. and Sinclair, G. B. (1984) Quasi-static normal indentation of an 

elasto-plastic half-space by a rigid sphere, Int. Journal of solids structures, 20, pp. 81- 

91. 

Fowler, H. (1998) The influence of warm pre-stressing and proof loading on the 

cleavage fracture toughness of the ferritic steels, PhD thesis, Bristol: University of 
Bristol. 

Francois, M. and Sprauel, J. M. (1996) In Handbook of measurement of residual 

stresses, X-ray diffraction method, Society for Experimental Mechanics, (Edited by Lu, 

J. ), New York, pp. 71-135. 

Gao, X., Ruggieri, C. and Dodds, R. H. (1998) Calibration of Weibull stress 

parameters using fracture toughness data. Int. Journal of Fracture, 92, pp. 175-200. 

Garcia-Granada, A. A. (2000) The effect of creep and mechanical load on cold 

expanded fastener holes, PhD thesis, Bristol: University of Bristol. 

Garcia Granada, A. A., George, D. and Smith, D. J. (1998) Assessment of distortions 

in the deep hole technique for measuring residual stress, 11th Conference on 

Experimental Mechanics, Oxford, pp. 1301-1306. 

124 



REFERENCES 

George, D., Kingston, E. and Smith, D. J. (2000) Measurement of through thickness 

stresses using small holes, J. Strain Analysis, 37(2), pp. 125-139. 

George, D. B. F. (2000) Determination of residual stresses in large section stainless steel 

welds, PhD thesis, Bristol: University of Bristol. 

Grant, P. V., Lord, P. D. and Whitehead, P. S., (2002) The measurement of residual 

stresses by the incremental hole drilling technique, Measurement Good Practice Guide 

53, National Physics Laboratory, UK. 

Gunnert, R. (1961) Residual stresses, In the Proceedings of the Special Symposium on 

the Behaviour of Welded Structures, Urbana IL, University of Illinois, pp. 164-201. 

De Haas, M. J. (2002) Grain boundary phenomena and failure of aluminium alloys, 
PhD thesis, Rijksuniversiteit Groningen. 

Hadidi-Moud, S., Mirzaee-Sisan, A., Truman, C. E. and Smith, D. J. (2002) 

Predicting how crack tip residual stresses influence brittle fracture, ASME Pressure 

Vessels and Piping Conference, PVP, Vancouver, Canada, 434, pp. 111-116. 

Hadidi-Moud, S., Mirzaee-Sisan, A., Truman, C. E. and Smith, D. J. (2004) A local 

approach to cleavage fracture in ferritic steels following warm pre-stressing, Fatigue 

and Fracture of Engineering Materials and Structures, 27(10), pp. 931-942. 

Hardy, C., Baronet, C. N. and Tordion, G. V. (1971) The elasto-plastic indentation of 
a half-space by a rigid sphere, Int. Journal for Numerical Methods in Engineering, 3, 

pp. 451-462. 

Harrison, J. D. and Leggatt, R. H. (1981) In Residual stresses and their effect, (Ed, 
Parlane, A. J. A. ), The effect of the residual stresses on fracture, The Welding Institute, 

pp. 17-20. 

Hibbit, Karlsson and Sorenson Inc., (2002) ABAQUS Users Manuals, HKS Inc., 
1080 Main Street, Pawtucket, RI 02680-4847, USA. 

125 



REFERENCES 

Hill, M. R. and Panontin, T. L. (1998) How residual stresses affect prediction of brittle 

fracture, ASME Pressure Vessels and Piping Division Conference, PVP, New York, 

373, pp. 157-162. 

Hill, M. R. and Panontin, T. L. (1999) Effect of residual stress on brittle fracture 

testing, Fatigue and fracture mechanics, ASTM STP 1332, (Edited by Panontin, T. L. 

and Sheppard, S. D. ), 29, pp. 159-175. 

Hill, M. R. and Yau, T. (2000) Triaxial residual stresses affect driving force and 

constraint to alter fracture toughness, Sixth International Conference on Residual 

Stresses, Oxford, UK, pp. 1485-1492. 

Holden, T. M., Holt, R. A. and Pang, J. W. L. (2002) Intergranular stresses in 

ZIRCALOY-2, Journal of Metalurgical and Materials Transactions A, 33A, pp. 749. 

Hossain, S., Daymond, M. R., Truman, C. E. and Smith, D. J. (2004) Prediction and 

measurement of residual stresses in quenched stainless steel spheres, Material Science 

and Engineering A, 373, pp. 339-349. 

Hossain, S., Mahmoudi, A. H., Smith, D. J., Stefanescu, D., Truman, C. E. and 
Withers, P. J. (2004) European Synchrotron Radiation Facility, ESRF report, ME622. 

Hossain, S., Truman, C. E., Smith, D. J. and Daymond, M. R. (2004) Creating highly 

triaxial residual stresses and relaxation of the stress field due to the thermal ageing, 
Journal of Neutron Research, 12, pp. 111-115. 

Johnson, K. L. (1985) Conact mechanics, Cambridge University Press. 

Kandil, F. A. and Lord, J. D. (2001) A review of residual stress mesaurement methods- 
A guide to selection, NPL report. Matc(A)04. 

Kingston, E. J. (2003) Advances in the deep hole drilling technique for residual stress 
measurement, PhD thesis, Bristol: University of Bristol. 

126 



REFERENCES 

Knott, J. F. (1977) Micromechanisms of fracture and the fracture toughness of 

engineering alloys, In proceedings of International Conference on Fracture (ICF4), 

Waterloo, Canada, pp. 61-91. 

Kula, E. and Weiss, V. (1982) Residual stress and stress relaxation, Sagamore Army 

Materials Research Conference, Plenum Press. 

Lacarac, V. (2000) Residual stresses and fatigue crack growth from cold expanded 
holes in A12650 at room and high temperatures, PhD thesis, Bristol: University of 
Bristol. 

Lee, C. H. and Kobayashi, S. (1970) Elasto-plastic analysis of plastic-strain and 

axisymmetric flat punch indentation by the finite element method, International 
Journal of Mechanical Science, 12, pp. 349-370. 

Leggatt, R. H. (1984) Fracture assessment in the present of residual stresses, In 6th 

International Conference on Fracture, New Delhi, India. 

Leggatt, R. H. and Kamath, M. S. (1981) Residual stresses in 25mm thick weld metal 
cod specimens in the as-welded and locally compressed state, Research Report, The 
Welding Institute. 

Lei, Y., O'Dowd, N. P. and Webster, G. A. (2000) Fracture mechanics analysis of a 
crack in a residual stress field, International Journal of Fracture, 106, pp. 195-216. 

Lim, W. K., Song, J. H. and Sankar, B. V. (2003) Effect of ring indentation on fatigue 

crcak growth in an aluminium plate, International Journal of Fatigue, 25, pp. 1271- 
1277. 

Mahmoudi, A. H., Hadidi-Moud, S., Truman, C. E. and Smith, D. J. (2003) 
Measurement and prediction of residual stress generated by local compression, 5th 
European Solid Mechanics Conference, Thessaloniki, Greece, (Edited by Aifantis, 
E. C. ), Giapoulis Publishers, pp. 58. 

127 



REFERENCES 

Mahmoudi, A. H., Hadidi-Moud, S., Truman, C. E. and Smith, D. J. (2003) 

Combined effect of residual stress and loading history on brittle fracture, 9'h 

International Conference on Mechanical Behaviour of Materials, ICM9-Geneva, 2003, 

pp. 24. 

Mahmoudi, A. H., Hadidi-Moud, S., Truman, C. E. and Smith, D. J. (2004) A 

numerical and experimental investigation into the generation of residual stress in 

fracture specimens using local compression, Proceeding of the 15th European 

Conference of Fracture, ECF15, Stockholm, Sweden, CD. 

Mahmoudi, A. H., Truman, C. E. and Smith, D. J. (2004) The role of residual stresses 
in fracture of aluminium alloys, 7th International Conference on Engineering 

Structural Integrity Assessment (ESIA 7), Manchester, UK. 

Mahmoudi, A. H., Truman, C. E., Smith, D. J. and Sackfield, A. (Submitted in 2004) 

The stress field created by an axi-symmetric flat punch, Submitted to Int. J. Mech. Eng. 

Mantyla, M., Rossoll, A., Nedbal, I., Prioul, C. and Marini, B. (1999) Fractographic 

observasions of cleavage fracture initiation in a bainitic A508 steel, Journal of Nuclear 

Materials, 264, pp. 257-262. 

Meith, W. A., Panontin, T. L. and Hill, M. R. (2002) Analytical and experimental 

study of fracture in bend specimens subjected to local compression, Fatigue and 
Fracture Mechanics, ASTM STP 1417, (Edited by Reuter, W. G. and Piascik, R. S. ), 
American Society for Testing and Materials, 33, pp. 425-441. 

Mirzaee-Sisan, A., Hadidi-Moud, S., Truman, C. E. and Smith, D. J. (2004) The role 

of constraint and warm pre-stress on brittle fracture in ferritic steels, The Proceedings 

of the Fifth International Conference on Fracture and Strength of Solids, FEOFS, 
Sendai, Japan, (Edited by Kishimoto, K., Kikuchi, M., Shoji, T. and Saka, M. ), Key 
Engineering Materials, Trans Tech Publications, 261-263, pp. 69-74. 

Mirzaee-Sisan, A., Mahmoudi, A. H., Truman, C. E. and Smith, D. J. (2005) 
Application of the local approach to predict load history effects in ferritic steels, 
accepted in ASME Pressure vessels and Piping Conference, PVP, Denver, Colorado. 

128 



REFERENCES 

Mirzaee-Sisan, A., Truman, C. E. and Smith, D. J. (2005) Influence of residual 

stresses on brittle fracture of ferritic steels, In International Conference of Fracture, 

ICF 11, Turin, Italy. 

Nepershin, R. I. (2002) The indentation of a flat punch into a rigid-plastic half-space, 

Int. J. App!. Maths. Mech. 66(1), pp. 135-140. 

Noyan, I. C. and Cohen, J. B. (1987) Residual stress, measurement by diffraction and 

interpretation, Springer-Verlag, New York. 

O'Dowd, N. P. and Shih, C. F. (1994) Two-parameter fracture mechanics: theory and 

applications, Fracture mechanics, Fracture Mechanics ASTM STP 1207, Philadelphia, 

(Edited by Landes, J. D., McCabe, D. E. and Boulet, J. A. M. ), American Society of 
Testing and Materials, 24, pp. 21-47. 

Ogeman, R. (1992) Coining of holes in aluminum plates: Finite element simulations 

and experiments, Journal of Aircraft, 29(5), pp. 947-952. 

Owen, R. A., Preston, R. V., Withers, P. J., Shercliff, H. R. and Webster, P. J. (2003) 

Neutron and synchrotron measurements of residual strain in TIG welded aluminium 

alloy 2024, Materials Science and Engineering A, 159-167. 

Panontin, T. L. and Hill, M. R. (1996) The effect of residual stresses on brittle and 
ductile fracture initiation predicted by micromechanical models, International Journal 

of Fracture, 82, pp. 317-333. 

Parlane, A. J. A. (1977) The determination of residual stress: a review of contemporary 

measurement techniques, Residual stresses in welded construction and their effects, 1, 

Paper 8, pp. 63-78. 

Pineau, A. (1981) Review in fracture mechanisms and a local approach to predicting 
crack resistance in low strength steels, Advanced in Fracture Research, 5th 
International Conference on Fracture, 2, pp. 553-577. 

129 



REFERENCES 

Pineau, A. (2003) In Comprehensive Structural Integrity, 7, Chapter 5, Practical 

applications of local approach methods, (Edited by Ainsworth, R. A. and Schwalbe, K. 

H. ), Elsevier, London. 

Prime, M. B., Hill, M. R., Dewald, A. T., Sebring, R. J., Dave, V. R. and Cola, M. J. 

(2002) Residual stress mapping in welds using the contour method, Trends in Welding 

Research: Proceedings of the 6th International Conference, Pine Mountain, GA, 

(Edited by David, S. A. et al. ), ASM International, pp. 891-896. 

Poussard, C. G. C. (1995) An analysis of residual stresses and fatigue behaviour of 

crackes emanating from cold worked fastener holes, PhD thesis, University of Bristol. 

Rice, J. R. (1968) A path independent integral and the approximate analysis of stress 

concentrations by notches and cracks, Journal of Applied Mechanics, 35, pp. 379-386. 

Ritchie, R. O., Knott, J. F. and Rice, J. R. (1973) On the relation between critical 

tensile stress and fracture toughness in mild steel, Journal of the Mechanics and 
Physics and Solids, 21, pp. 395-410. 

Ritchie, R. O., Server, W. L. and Wullarert, R. A. (1979) Critical fracture stress and 
fracture strain models for the prediction of lower and upper shelf toughness in nuclear 

pressure vessel steels, Metallurgical Transactions A, pp. 1557-1570. 

Sainte Catherine, C. and Poussard, C. (2000) Prediction of cleavage toughness on 
C(T) specimen, Numerical Round Robin on Micro-mechanical models, ESIS TC 8. 

Schajer, G. S. (1998) Measurement of non-uniform residual stresses using the hole 

drilling method, Part I and Part II, Journal of Engineering Materials and Technology, 

110(4), pp. 338-349. 

Schajer, G. S., Flaman, M. T., Roy, G. and Lu, J. In Handbook of measurement of 

residual stresses, Hole-drilling and ring core methods, Society for Experimental 

Mechanics, New York, pp. 5-34. 

130 



REFERENCES 

Scibetta, M., Lucon, E., Chaouadi, R. and Walle E. van (2003) Instrumented 

hardness testing using a flat punch, International Journal of Pressure Vessels and 

Piping, 80(6), pp. 345-349. 

Sharples, J. K., Harrison, M., May, K. A., Chivers, T. C. and Smith, E. (1993) The 

effect of residua stresses on fracture behaviour, ASME Pressure vessels and Piping 

Conference, PVP, 250, pp. 105-114. 

Sharples, J. K., Sanderson, D. J., Bowdler, B. R., Wightman, A. P. and Ainsworth, 

R. A. (1995) Experimental programme to assess the effect of residual stresses on 

fracture behaviour, ASME/JSME Pressure Vessels and Piping Conference, PVP, 

Honolulu, USA, 304, pp. 539-551. 

Sherry, A. H., Turski, M., Wilkes, M. A., Beardsmore, D. W., Withers, P. J. and 

Bouchard, P. J. (2000) The development of a compact specimen to study the influence 

of residual stresses on fracture, In Fifth International Conference on Engineering 

Structural Integrity Assessment, ESIA, Churchill College, Cambridge, UK. 

Smith, J., Bassim, M. N., Liu, C. D. and Holden, T. M. (1995) Measurement of crack 
tip strains using neutron diffraction, Engineering Fracture Mechanics, 52(5), pp. 843- 

851. 

Smith, D. J. (2003) In Comprehensive Structural Integrity, The influence of the prior 
loading on structural integrity, 7, Chapter 9, (Edited by Ainsworth, R. A. and Schwalbe, 

K. H. ), Elsevier, London. 

Smith, D. J., Bouchard, P. J. and George, D. (2000) Measurement and prediction of 

residual stresses in thick section steel welds, J. Strain Analysis, 35(4), pp. 287-305. 

Smith, D. J., Bourke, M. A. M., Hodgson, A. P., Webster, G. A. and Webster, P. J. 
(1992) Interpretation of residual stress distributions in previously loaded cracked beam, 

Journal of Strain Analysis, 27(2), pp. 77-83. 

131 



REFERENCES 

Smith, D. J. and Garwood, S. J. (1990) The significance of prior overload on fracture 

resistance: a critical review, Int. Journal of Pressure Vessels and Piping, 41, pp. 255- 

296. 

Smith, D. J. Hadidimoud, S. and Fowler, H. (2004) The effects of warm pre-stressing 

on cleavage fracture. Part 1: Evaluation of experiments, Engineering Fracture 

Mechanics, 71(13-14), pp. 2015-2032. 

Smith, D. J. Hadidimoud, S. and Fowler, H. (2004) The effects of warm pre-stressing 

on cleavage fracture Part 2: finite element analysis, Engineering Fracture Mechanics, 

71(13-14), pp. 2033-2051. 

Sneddon, I. N. (1946) Boussinesqs problem for a flat-ended cylinder, Proc. Cambridge 

Philosophical society, 42, pp. 29-39. 

Stefanescu, D., Santisteban, J. R., Edwards, L. and Fitzpatrick, M. E. (2004) 

Residual stress measurement and fatigue crack growth prediction after cold expansion 

of cracked fastener holes, Journal ofAerospace Engineering, 17(3), pp. 91-97. 

Stefanescu, D., Steuwer, A, Owen, R. A., Nadri, B., Edwards, L., Fitzpatrick, M. E. 

and Withers, P. J. (2004) Elastic strains around cracked cold-expanded fastener holes 

measured using the synchrotron X-ray diffraction technique, Journal of Strain Analysis, 

39(5), pp. 459-469. 

Stefanescu, D., Truman, C. E. and Smith, D. J. (2004) An integrated approach for 

measuring near and sub-surface residual stress in engineering components, Journal of 
Strain Analysis for Engineering Design, 39(5), pp. 483-497. 

Stefanescu, D., Whitehead, P., Truman, C. E. and Smith, D. J. (Submitted in July 
2003) Improvements in Residual Stress Measurement by the Incremental Centre Hole 
Drilling Technique, Experimental Mechanics. 

Tanguy, B., Besson, J., Piques, R. and Pineau, A. (2005) Ductile to brittle transition 

of an A508 steel characterized by Charpy impact test Part I: experimental results, 
Engineering Fracture Mechanics, 72, pp. 49-72. 

132 



REFERENCES 

Thompson, R. B., Lu, W. Y. and Clark A. V. (1996) In Handbook of measurement of 

residual stresses, Ultrasonic methods, Society for Experimental Mechanics, (Edited by 

Lu, J. ), New York, pp. 149-178. 

Titto, S. (1996) In Handbook of measurement of residual stresses, Magnetic methods, 

Society for Experimental Mechanics, (Edited by Lu, J. ), New York, pp. 179-224. 

Towers, O. L. and Robinson, P. (1982) Procedures for fatigue cracking fracture 

toughness testpieces, with particular reference to weldments, The Welding Institute 

Research Bulletin, The Welding Institute, TWI, 23(4). 

Wallin, K., T., Saario and K., Torronen (1984) Statistical model for carbide induced 

brittle fracture in steel, Metal science, 18, pp. 13-16. 

Wang, L. M. (1999) Microstructure and properties of certain 2000 series of aluminium 

alloys, PhD thesis, London: University of London. 

Webster, G. A. (2000) Role of residual stress in engineering applications, Materials 

Science Forum, 347-349, pp. 1-9. 

Webster, G. A. and Webster, P. J. (1985) Measurement of residual stress using high 

resolution neutron diffraction. Residual stresses in welded construction, TWI Seminar, 

Newcastle. 

Weibull, W. (1951) A statistical distribution function of wide applicability, J. App!. 

Mech., 18, pp293-297. 

Williams, M. L. (1957) On the stress distribution at the base of a stationary crack, 
Journal of Applied Mechanics, 24, pp. 109-114. 

Withers, P. J. (2003) In Analysis of residual stress by diffraction using neutron and 
synchrotron radiation, (Edited by Fitzpatrick, M. E. and Lodini, A. ), Use of synchrotron 
X-ray radiation for stress measurement, pp. 170-190. 

133 



REFERENCES 

Withers, P. J. and Bhadeshia, H. K. D. H. (2001) Residual stresses, Part - measurement 

techniques, Journal of Material Science and Technology, 17, pp. 355-365. 

Withers, P. J. and Bhadeshia, H. K. D. H. (2001) Residual stresses, Part II - Nature and 

origins, Journal of Material Science and Technology, 17, pp. 366-374. 

Xu, W. G. and Burdekin, F. M. (1998) Effect of residual stresses on constraint and 
fracture behaviour of wide plates, Proceeding of Royal Society of London, 454, pp. 
2505-2528. 

Zuccarello, B. (1999) Optimal calculation steps for the evaluation of residual stress by 

the incremental hole drilling method, Experimental Mechanics, 39(2), pp. 117-124. 

Yahya, O. M. L., Borit, F., Piques, R. and Pineau, A. (1998) Statistical modelling of 
intergranular brittle fracture in a low alloy steel, Int. J. of Fatigue and Fracture of 
Engineering Materials & Structures, 21, pp. 1485-1502. 

134 



APPENDIXES 

Appendix A 

The equation used for Qrr stress within the half space and along the line r=a, 

a26� 
_y a-p sin(jl +-a p2 + a2 sin- 

B1 az 
---+ P ra 2 2, t a2p2a2, r 

e a cos --z sin e 
221 

P a2 

ee 
cos 9z cos 2+ a sin 2 

p2 
- 

p3 
sin0 

(Al) 

where p2 =z z2 +4a2 , tang = 2/ and z is the distance from the surface of the 

half-space and along the line r=a. 

135 



APPENDIXES 

Appendix B 

Material hardening models: 

1) Isotropic hardening 

On the diagram for yield locus (Figure 1), work hardening is shown as a change of 

shape or size of the locus. Isotropic hardening implies that the yield locus expands 

uniformly in all directions, i. e., the yield stress increases for all combinations of stress 
irrespective of the direction or original combination of stress causing the hardening. 

2) Kinematic hardening 

Kinematic hardening implies that the yield locus stays the same shape but translates in 

the direction (Figure 2) of the stress causing the hardening. For example if during 

tensile hardening the yield stress increases from ay to Q� then for isotropic hardening 

the yield stress in compression is also cr, . For kinematic work hardening the diameter 

of the figure remains the same, so compressive yield occurs at a,, - 2cr 
y. 

This 

difference in directional effect in hardening between tension and compression is called 
the Bauschinger Effect. ý`"'ýý 

The kinematic hardening models in ABAQUS are intended to simulate the behaviour of 
metals that are subjected to cyclic loading. The basic concept of these models is that the 
yield surface shifts in stress space so that straining in one direction reduces the yield 
stress in the opposite direction, thus simulating the Bauschinger effect and anisotropy 
induced by work hardening. 

2) Combined hardening 

The combined isotropic/kinematic hardening model is an extension of the linear 
kinematic hardening model. It provides a more accurate approximation to the stress- 
strain relation than the linear model. The equations for combined hardening model and 
parameters required by ABAQUS are given by. 
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Q° =QI o+Q. (1-e_"-Pl), (B1) 

a= Cs°' 
-o (a 

-a) - yac" (B2) 

where Qc(0, f4) and t(0, ft) are additional material parameters that must be 

calibrated from cyclic test data. 

+67 

-Q1 

-a2 

Figure 1 Isotropic hardening model 
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Figure 2 Kinematic hardening model 
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Appendix C 

User-subroutine for local approach 

C VERSION III 
c Routine to calculate Weibull stress from FE results 
c Failure probability analysis using Weibull stress 
c As a part of analyses required for 
c Prediction of Fracture toughness in CT specimens 
c By: Saeid Hadidimoud, University of Bristol 
C 

c **********VERY IMPORTANT NOTICE: ********** 
C ALWAYS SET NELEM=number of elements 
c and FILE='data file name' in OPEN STATEMENT 
C ALSO SET GEOMETRY, ELEMENT SPECIFICATIONS AND WEIBULL 
PARAMETERS 
c BEFORE RUNNING 
c ***************************************** 
C NONLINEAR QUADRILATERAL ELEMENTS, REDUCED 
INTEGRATION, PLANE STRAIN 
C GAUSS, MGAUSS: INTEG POINT NO. AND NO. OF INTEG POINTS PER 
ELEMENT 
C WP, VO, SU: WEIBULL PARAMETERS -- ELEM: ELEMENT NO (MAX 
NELEM) 
C WEIBULL: WEIBULL STRESS -- PLASTIC: NO OF INTEG POINTS WITH 
PLASTICITY 
C 
c Initialisation 

INTEGER ELEM, GAUSS, PLASTIC, ELEMI, GAUSSJ 
c CHARACTER FLAG*3 

DOUBLE PRECISION DV, VO, DWEIBULL, WEIBULL, PF 
C DIMENSION SMP(*, 4), SMPAV(*), PE(*, 4), SMPAVWP(*), SUM(*) 

DIMENSION SMP(3200,1), SMPAV(3200), PE(3200,1), SMPAV WP(3200) 
DIMENSION SUM(3200), MISES(3200,1), PEMAG(3200,1), SY(3200,1) 

DIMENSION DV(3200), DVC(3200) 
c DIMENSION PEUNLOAD(1440,4), DPE(1440,4) 
c B=6.0 

B=25.0 
B0=25.0 
A=25.0 
W=50.0 
AW=A/W 
Fl 1=(2.0+AW)/(1. -AW)** 1.5 
F1=F11*(0.866+4.64*AW-13.32*AW**2+14.72*AW**3-5.6*AW**4) 
F2=29.6*AW**0.5-185.5*AW**1.5+655.7*AW**2.5- 

1017*AW**3.5+639*AW**4.5 
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YOUNG=200000 
POISSON=0.3 
NELEM=3200 
NGAUSS=1 
WP=4.0 
V0=0.01 

c V0=0.001 
SU=9.0 

c SU=14 
SMIN=3.0 

C INPUT DATA FOR ANA INTEGRATION POINT (GAUSS) OF AN 
ELEMENT (ELEM) 
C 
c OPEN (unit=4, FILE='AR-M170b-3D. txt', STATUS='OLD') 
c OPEN (unit=5, FILE='AR-M170-3D. txt', STATUS='OLD') 

OPEN (unit=4, FILE='25MMCT-AR-Load. txt', STATUS='OLD') 
OPEN (unit=5, FILE='25MMCT-AR-stress. txt', STATUS='OLD') 
OPEN (unit=6, FILE='volume-25MMCT. txt', STATUS='OLD') 
DO 11 I=1, NELEM 
READ (6, *) ELEM, DV(I) 

11 CONTINUE 
DO 1 INC=1,20 
READ (4, *) INCR 
READ (4, *) PLOAD 
WEIBULL=0.0 
DO 5 I=1, NELEM 
SUM(I)=0.0 

5 CONTINUE 
DO 10 I=1, NELEM 
DO 20 J=1, NGAUSS 
READ (5, *) ELEM, GAUSS, MISES(I, J), PEMAG(I, J), SMP(I, J), SY(I, J) 

20 CONTINUE 
10 CONTINUE 

C 
DO 100 I=1, NELEM 
PLASTIC=O 
SUM(I)=0.0 
SMPAV(I)=O. O 
SMPAVWP(I)=0.0 
DO 200 J=1, NGAUSS 

C CHECK IF PLASTICITY EXISTS, COUNT THE NUMBER OF PLASTIC 
GAUSS POINTS! 
C IF (PEMAG(I, J). GT. 1. E-8. and. MISES(I, J). GT. 650) THEN 
c IF (SMP(I, J). GT. 0.0. and. MISES(I, J). GE. 650.0) THEN 
c DPE(I, J)=PEMAG(I, J)-PEUNLOAD(I, J) 
c IF (SMP(I, J). GT. 0.0. and. DPE(I, J). GT. IE-8) THEN 
c IF (SMP(I, J). GT. 0.0. and. PEMAG(I, J). GT. 1E-8) THEN 

IF(SMP(I, J). GT. 0.0. and. MISES(I, J). GT. 756.22)THEN 
C IF(SMP(I, J). GT. O. O. and. PEMAG(I, J). GT. 0.0)THEN 

PLASTIC=PLASTIC+1 

140 



APPRNDIXIS 

ELSE 
ENDIF 
IF (SMP(I, J). GT. 0.0) THEN 
SUM(I)=SUM(I)+SMP(I, J) 
ELSE 
ENDIF 

200 CONTINUE 
IF (PLASTIC. NE. O) THEN 
SMPAV (I)=SUM(I)/NGAUS S 
DVC(I)=DV(I)*PLASTIC/NGAUSS 
SMPAVWP(I)=(0.001 * SMPAV(I))* * WP 

C DWEIBULL=SMPAVWP(I)*DVC(I)NO 
C Aquarter of specimen has been modeled: DVC(I)*4.0 

DWEIBULL=SMPAVWP(I)*DVC(I)*4. ONO 
WEIBULL=WEIBULL+DWEIBULL 
ELSE 
ENDIF 

100 CONTINUE 
IF (WEIBULL. NE. 0.0) WEIBULL=WEIBULL* *(I . /WP) 
IF (WEIBULL. LE. SMIN) THEN 
PF=0.0 
ELSE 
PF= 1.0-EXP(-1.0*((WEIBULL-SM1N)/(SU-SMIN))* * WP) 

C PF=1.0-EXP(-1.0*((WEIBULL-SMIN)/SU)**WP) 
ENDIF 
FP=(0.00 1**0.5)* (PLOAD/(B* W**0.5)) 
FT1=FP*F1 
FT2=FP*F2 
FTAV=0.5*(FT1+FT2) 

c PRINT *, WEIBULL, PLOAD, FTAV, PF 
OPEN (unit=l3, FILE='AR-resultl. txt', STATUS='old') 
WRITE (13,9) INCR, WEIBULL, PLOAD, FTAV, PF 

9 FORMAT (I4,3X, F8.1,3X, F8.1,3X, F10.2,3X, F12.5) 
1 CONTINUE 

END 
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Appendix D 

Determination of errors in calculated residual stress using X-ray synchrotron 

measurement technique: 

Errýýx) 
(1+u)(1-2v) 

(l-u)2(Err(ex))2 +V2(Err(Cy))2 +(En(c1))2 (D1) 

Err(e)= 
1 

(Err(d))2 +(dd )2 (Err (d0))2 (D2) 

00 

', cosO Err / (d) =20 Err (e)" (D3) 2 sin 

where o- is calculated stress, c is measured strain and d and do are measured lattice 

spacing. E and v are the module of elasticity and Poisson ratio respectively. 
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Appendix E 

Determination of fracture toughness: 

The equation used for fracture toughness is, 

K=(P/BW"2). f(a/W) (E1) 

f. (a/W) - 
(2+a/W)(0.886+4.64a/W -13.32a2 /W2 +14.72a3 /W3 -5.6a4 /W4) 

(I-al W)112 

(E2) 

where f (a/w) is a shape function specified for the standard C(T) specimens and `P' is 
fracture load, `B' is specimen thickness, ̀ W is specimen width and ̀ a' is crack length. 

Determination of J from experimental data: 

J=Jer' Jpi, (E3) 

where Jei = elastic component of J and Jp1 = plastic component of J 

Jel = (KJ2(1- ý)/E, (E4) 

where K is calculated from D1 and D2 

Jpr = (i7And/Bbo, (E5) 
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TABLES 

Applied load, kN Substrate Applied load, kN 
Substrate dimensions (For 0.2mm dimensions (For 0.2mm 

penetration) penetration) 

Half-space 
-422.4 Half-space -422.4 

Rla = 7, D/a =2.4 
-563.7 R/a =3.6, D/a =10 -338.8 

R/a = 7, D/a =1.2 
-785.5 R/a = 2.4, D/a =10 -236.3 

R/a = 7, D/a =0.6 
-1306.1 R/a = 1.2, D/a =10 -80.6 

Table 3.1 The effect of substrate size on the applied load for 0.2mm penetration of the 
punch 

Hardening 
model 

Material x/R 2R/t Outcome at 
mid- lane 

Isotropic A12650 0.0 1.6 ComprSssive 
RS 

Isotropic A12650 0.5 1.6 Tensile RS 

Isotropic A12650 0.75 1.6 Tensile RS 

Isotropic A12650 1.0 1.6 Tensile RS 

Isotropic A12650 0.0 1.0 Compressive 
RS 

Isotropic A12650 0.5 1.0 Tensile RS 

Isotropic A12650 0.75 1.0 Tensile RS 

Isotropic A12650 1.0 1.0 Tensile RS 

Isotropic A12650 0.0 0.5 Tensile RS 

Isotropic A12650 0.5 0.5 Tensile RS 

Isotropic A12650 0.75 0.5 Tensile RS 
Isotropic A12650 1.0 0.5 Tensile RS 

Table 3.2 Summary of the parametric FE study on positions and sizes of single punch 



TABLES 

Effects of changing in position along x 

Hardening 
model 

Material 2R/t x/R y1R 
Outcome at mid- 

plane 
Isotropic A12024 1.3 0.0 1.2 Tensile RS 
Isotropic A12024 1.3 0.5 1.2 Tensile RS 
Isotropic A12024 1.3 0.75 1.2 Tensile RS 
Isotropic A12024 1.3 1.0 1.2 Tensile RS 
Isotropic A12024 1.3 1.3 1.2 Tensile RS 
Isotropic A12024 1.3 0.0 1.2 Tensile RS 
Isotropic A12024 1.3 -0.5 1.2 Tensile RS 
Isotropic A12024 1.3 -0.6 1.2 Compressive RS 
Isotropic A12024 1.3 -0.75 1.2 Compressive RS 
Isotropic A12024 1.3 -1.0 1.2 Compressive RS 
Isotropic A12024 1.0 0.0 1.2 Tensile RS 
Isotropic A12024 1.0 0.5 1.2 Tensile RS 
Isotropic A12024 1.0 0.75 1.2 Tensile RS 
Isotropic A12024 1.0 1.0 1.2 Tensile RS 
Isotropic A12024 1.0 0.0 1.2 Tensile RS 
Isotropic A12024 1.0 -0.5 1.2 Compressive RS 
Isotropic A12024 1.0 -0.75 1.2 Compressive RS 
Isotropic A12024 1.0 -1.0 1.2 Compressive RS 

Effects of changing in osition along 
Isotropic A12024 1.3 1.0 1.5 Tensile RS 

_Isotropic 
A12024 1.3 -1.0 1.5 Compressive RS 

Isotropic A12024 1.0 1.0 1.5 Tensile RS 
Isotropic A12024 1.0 -1.0 1.5 Compressive RS 

Table 3.3 Summary of the parametric FE study on positions and sizes of double punch 



TABLES 

Material Temp. (oC) m; Va ; mm3 a.; GPa o; GPa 
Shape parameter Ref. volume Mean stress Threshold stress 

A508 -170 4.0 0.01 9.0 3.0 

Table 3.4 Weibull parameters used for probability distributions for A508 

A12650 Cu Mg Fe Si Mn Ni Ti 

Wt % 2.74 1.74 0.1 0.4 0.34 0.20 0.09 

Table 4.1 A list of elemental composition (wt %) for A12650 [Garcia-Granada, 2000] 

E, GPa 6.,, MPa Q4%, MPa 

Room temperature 72 427 448 

Table 4.2 Tensile properties of Al 2650 aluminium alloy 

E 
MPa v 

aIo 
MPa 

C 
MPa 

7 Q. 
MPa b t -PI a(x, y, z) 

72000 0.33 12500 120 120 -200 0.25 0.2 0,0, -100 

a0 = al 0 +Q., (1- e-es-_), 

a =CEP' -j 
(a-a)-yas-"' 

Table 4.3 Equations and parameters for combined hardening model, from [Garcia- 
Granada, 2000] 



TABLES 

A12024 Cu Mg Fe Cr Mn Zn Ti Others 

wt % 3.8-4.9 1.2-1.8 0.5 max 0.1 max 0.3-0.9 0.25 max 0.15 0.05 

Table 4.4 Chemical composition limits of 2024 aluminium alloy from, [Poussard, 
1995] 

Aluminium 2024 E, GPa 6j,, MPa 
Room temperature 69 370 

Table 4.5 The results of the tensile test for aluminium alloy 2024 [Garcia Granada, 
2000] 

Element c S P Si Mn Ni Cr Mo 

Wt % 0.16 0.007 0.004 0.22 1.34 0.67 0.17 0.51 

Element V Cu Sb Ti Al Sni As Nb 

Wt % 0.01 0.06 0.004 0.01 0.01 0.004 0.019 0.01 

Table 4.6 A508 steel chemical analysis [Swankie, 1999] 

Specimen 
Orientation Temperature, 

oC E, GPa v ay 

L 20 200 0.3 430 
T -120 200 0.3 632 

L, S -150 200 0.3 696 

Table 4.7 A508 steel mechanical properties 
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Stress vs total strain 
T=20 T=- 120 T=- 150 T=-1 70 

T 
strain stress 

T 
strain stress 

T 
strain stress 

L, S 
strain stress 

0.003 430 0.0032 632 0.0036 710 0.0036 696 0 756.2265 
0.007 434 0.01 636 0.011 710 0.011 696 0.0074 756.2265 
0.011 442 0.02 655 0.02 719 0.02 705 0.0164 765.2265 
0.014 454 0.03 687 0.03 738 0.03 724 0.0264 784.2265 
0.017 467 0.04 722 0.04 768 0.04 753 0.0364 813.7265 
0.021 486 0.051 752 0.05 795 0.05 780 0.0464 840.7265 
0.028 510 0.061 774 0.06 821 0.06 805 0.0564 866.2265 
0.038 536 0.071 799 0.07 844 0.07 828 0.0664 889.2265 
0.045 550 0.08 816 0.08 865 0.08 848 0.0764 909.7265 
0.053 568 0.091 832 0.091 883 0.091 866 0.0874 927.7265 
0.06 581 0.101 846 0.1 901 0.1 884 0.0964 945.7265 
0.068 596 0.111 860 0.11 916 0.11 899 0.1064 960.7265 
0.079 609 0.12 871 0.12 932 0.12 914 0.1164 976.2265 
0.088 621 0.13 881 0.13 944 0.13 926 0.1264 988.2265 
0.097 630 0.14 956 0.14 938 0.1364 1000.227 
0.104 637 0.15 967 0.15 949 0.1464 1011.227 
0.115 646 0.16 979 0.16 960 0.1564 1022.727 
0.124 652 
0.133 657 
0.146 663 
0.156 666 
0.165 666 

Extrapolation ( a= ke 

k 1213 1360 1308 
n 0.156 0.179 0.168 

Table 4.8 The stress-strain response of A508 in different temperatures 
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Uncracked specimens 

Sample No Material Condition Measurements 

1 A12650 Single punched (2R/t--l. 6), 
1.6% 

ICHD, DHD and 
HEXRD 

2 A12650 Single punched (2R/t=1.6), 
1.9% ICHD 

3 A12650 Stress free HEXRD 

C(T) specimens 

4 A12650 Single punched (2R/t=1.6, 
x/R=1.0,1.6% 

HEXRD 

5 A12650 
Single punched (2R/t=1.6, 

x/R=1.0,1.6%) + overloaded 
(4 kN 

HEXRD 

Table 4.9 Summary of the prepared samples for the residual stress measurements 
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C(T) specimens with residual stress 

Sample No Material Condition Fracture 

Single punch 

16 A12650 
Single punched (2R/t=1.6, Room temp' 

x/R=1.0,1.6% 

A12650 
Single punched (2R/t=1.6, Room temp 

17 x/R=1.0,1.6/0 

A12650 
Single punched (2R/t=1.6, Room temp 

18 x/R=1.0,1.6/0 

A12650 
Single punched (2R/t=1.6, Room temp 

19 x/R=1.0,1.6/0 

A12650 
Single punched (2R/t=1.6, Room temp 

20 x/R=1.0,1.6/0 

A12650 
Single punched (2R/t=1.6, Room temp 

21 x/R=1.0), 1.6% 

A12650 Single punched (2R/1=1.6, Room temp 
22 x/R=1.0,1.6/0 

A12650 Single punched (2R/t=1.6, Room temp 
23 x/R=1.0,1.6/0 

24 A12650 Single punched (2R/t=1.6, Room temp 
x/R=1.0,1.6/0 

25 A12650 Single punched (2R/t=1.6, Room temp 
x/R=1.0,1.6/° 

A12650 prepared for experimental parametric study 

26 A12650 Single punched (2R/t=1.6, Room temp 
x/R=1.0,1.6% 

27 A12650 Single punched (2R/t=1.6 Room temp 
x/R=0.6 , 1.6% 

28 A12650 Single punched (2R1t=1.0 
Room temp x/R=1.0 , 1.6% 

29 A12650 Single punched (2R/t=1.0, 
Room temp 

x/R=0.6 , 1.6% 

30 A12650 As-received Room temp 

Steel specimens 
A1131 A508 Single punched (2R/t=1, 

Low temp x/R=1.0 , 2% 
A1122 A508 Single punched (2R/t=1, 

Lowtemp 
x/R=1.0 , 2% 

A1222 A508 Single punched (2R/t=1, 
Lowtemp 

x/R=1.0 , 2% 
A1221 A508 Single punched (2R/t=1, 

Low temp x/R=1.0 , 2% 
A1123 A508 punched (2R/t=1, T' Low temp x/R=1.0 2% , 



TABLES 

Continued 

A1343 A508 
Single punched (2R/t=1, Low temp, 

x/R=1.0 , 2% 
A1312 A508 

Single punched (2R/t=1, Low temp, 
x/R=1.0 , 2% 

A1243 A508 Single punched (2R/t=1, Low temp 
x/R=1.0 , 2% 

Al 143 A508 Prior overloaded (62.5 kN) Low temp 

A1311 A508 Prior overloaded (62.5 kN) Low temp 

A1241 A508 Prior overloaded (62.5 kN) Low temp 

A1133 A508 Prior overloaded (62.5 kN) Low temp 

A1111 A508 Prior overloaded (62.5 kN) Low temp 

A1223 A508 Prior overloaded (62.5 kN) Low temp 

A1212 A508 Prior overloaded (62.5 kN) Low temp 

A1323 A508 Prior overloaded (62.5 kN) Low temp 

A1322 A508 Single punched (2R/t=1, x/R=1.0, Low temp 2%) + overloaded (62.5 kN) 
Al 112 A508 Single punched (2R/t=1, x/R=1.0, Low temp p + overloaded (62.5 kN) 
Al 141 A508 Single punched (2R/t=1, x/R=1.0, Low temp p + overloaded (62.5 kN) 
A1211 A508 Single punched (2R/1 1, x/R=1.0, Low temp 2%) + overloaded (62.5 kN) 
A1342 A508 Single punched (2R/t=1, x/R=1.0, Low temp 2%) + overloaded 62.5 kN 
Al 121 A508 Single punched (2R/t=1, x/R=1.0, Low temp p + overloaded 62.5 kN 
A1341 A508 Single punched (2R/t=1, x/R=1.0, Low temp 2%) + overloaded (62.5 kN 
A1132 A508 Single punched (2R/t=1, x/R=1.0, Low temp 2%) + overloaded 62.5 kN) 
A1333 A508 Single punched (2R/t=1, x/R=1.0, Low temp 2%) + overloaded 62.5 kN) 

A12024 

Al-11 A12024 Punched, (2R/ ö1.3, x/R= -1.0, Room temp 1.6%) 

Al-3 A12024 Punched, (2R/ Ö1.3, x/R= -1.0, Room temp 1.6%) 
A2-11 A12024 Punched, (2R/ ö1.3, x/R= -1.0, Room temp 



TABLES 

Continued 

A2-13 A12024 Punched, (2R/ 1.3, x/R= -1.0, Room temp 1.6%) 

A2-10 A12024 
Punched, (2R/ ö1.3, x/R= -1.0, Room temp 1.6/0 

A2-15 A12024 Punched, (2R/ 1.3, x/R= -1.0, Room temp 1.6%) 

Al-8 A12024 Punched, (2R t 1.3, x/R=1.0, Room temp 1.6%) 

A2-6 A12024 
Punched, (2R/t=1.3, x/R=1.0, Room temp 1 6% 

A2-7 A12024 
Punched, (2R/t=1.3, x/R=1.0, Room temp 1.6%) 

Al-15 A12024 Punched, (2R/t=1.3, x/R=1.0, Room temp 1 6% 
A2-4 A12024 Punched, (2R/t=1.3, xJR=1.0, Room temp 1.6%) 

A3-7 A12024 Single punched, (2R/t=1.6, Room temp 
x/R=1.0,1.6% 

A3-5 A12024 Single punched, (2R/t=1.6, Room temp 
x/R= 1.0,1.6% 

A3-1 A12024 Single punched, (2R/t=1.6, Room temp 
x/R=1.0,1.6% 

A3-3 A12024 Single punched, (2R/t=1.6, Room temp 
x/R=1.0,1.6% 

A12024 specimens for preliminary study 

Al-12 A12024 Double punched, (2R/t=1.3, Room temp 
. x/R= -1.0,1.6%) 

Al-14 A12024 Double punched, (2R/t-1.3, 
Room temp x/R=-1.0,1.6/0 

A2-12 A12024 Double punched, (2R 1=1.3 Room temp x/R= -1.0,1.6% 
Al-7 A12024 Double punched, (2R/t=1.3, 

Room temp x/R= 1.0,1.6%) 

A2-1 A12024 Double punched, 2R/r-1.3, xl Room temp R= 1.0,1.6%) 

A2-5 A12024 Double punched, (2R/t=1.3, Room temp x/R=1.0,1.6%) 
A2-9 A12024 Double punched, (2R/t=1.3, 

Room temp x/R= 1.0,1.6%) 

Table 4.10 Sample numbers and conditions of the punched and prior over loaded 
specimens including the specimens for residual stress measurements, fracture tests and 

also preliminary tests 



TABLES 

Set 
Order Fracture Fracture 

Toughness Set Order Fracture Fracture 
Toughness, 

number Load, kN , MPa. m°'5 number Loa d, kN MPa. m o-5 

10.284 28.72932 16 4.539 12.68 
6 

10.514 29.37185 1 4.647 12.98 
7 7 

11 30.72954 4.715 13.17 
8 18 

11.158 31.17092 ° 9 4.752 13.27 
9 1 N 

< 11.168 31.19886 
w 

5.513 15.40 
7: $ 10 20 

'ý 34 11 31.67936 5.513 15.40 
11 . 21 

12 11.358 31.72964 22 5.624 15.71 
con 

13 11.54 32.23808 23 5.766 16.107 

14 11.592 32.38334 24 5.989 16.73 

15 11.637 32.50906 25 6.992 19.53 

Table 4.11 The fracture results of as-received and punched aluminium alloy 2650 C(T) 
specimens 



TABLES 

Sample Average crack J-integral Converted Kj 
Set No 

ID length, mm kJ/m2 MPa (m)° 5 

1 A1-6 0.2850 34.619 52.889 

2 A3-4 0.8710 40.444 57.165 

3 A3-2 1.7044 51.124 64.271 

? 4 A3-6 1.3864 46.214 61.107 
E 5 A2-2 For preliminary tests 

6 Al-1 For preliminary tests 

7 Al-2 For preliminary tests 

8 Al-9 For preliminary tests 

1 Al-11 0.8495 57.4918 68.156 

2 Al-3 1.2789 64.8609 72.392 
Ü Rý 3 A2-11 2.0550 65.4720 72.733 

4 A2-13 0.3752 58.3374 68.655 

5 A2-10 2.2247 65.7391 72.88 

6 A2-15 2.3717 73.4993 77.062 

1 Al-8 1.0053 13.89 33.5 

2 A2-6 0.9337 10.83 29.518 

3 A2-7 0.5987 8.592 26.348 
ä 4 Al-15 1.8513 18.09 38.231 

5 A2-4 2.1559 21.65 41.825 

I A3-7 0.3813 16.8556 36.904 
2 A3-5 0.6356 12.55 31.846 

0., ý6 3 A3-1 1.6636 24.99 44.936 
1-4 

4 A3-3 3.2241 33.23 51.082 V) N 

Table 4.12 Crack resistance curve data and converted Kj for three sets of aluminium 
alloy 2024 specimens 
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Order Sample Fracture Fracture 
Set 

number ID Load, kN Toughness, 
.s MPa. m 

1 A1231 21.51 37.169 

2 A1313 35.42 61.20 

3 A1213 28.69 49.577 

4 A1332 28.372 49.024 
As-received Al 142 

5 28.84 49.836 

6 A1242 27.52 47.55 

7 A1233 22.32 38.569 

8 A1331 36.02 62.24 

Table 4.13 The fracture results of AR A508 steel specimens 

Order Sample Fracture Fracture 
Set 

number ID Load kN Toughness, 
, MPa. m' 

1 A1143 77.746 134.34 

2 A1311 68.205 117.86 

3 A1241 
52.585 90.868 

Prior overloaded, 
° 4 A1133 68 237 117 91 

unloaded 20 C, . . 
cooled -170 °C, A1111 

fractured -170 °C 5 73.722 127.39 

6 A1223 69.897 120.78 

7 A1212 68.699 118.71 

8 A1323 61.650 106.53 
1 -1 

Table 4.14 The fracture results of LUCF set of A508 steel specimens 
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Order Sample Fracture Fracture 
Set 

number ID Load, kN Toughness, 
;s MPa. m 

I A1131 38.637 66.76 

2 Al 122 28.123 48.59 

3 A1222 22.419 38.740 

Single punched, 4 A1221 21.513 37.175 
unloaded 20°C, 
cooled -170 ° C, 5 

Al 123 20.873 36.069 
fractured -170'C 

6 A1343 29.747 51.403 

7 A1312 19.901 34.389 

8 A1243 18.796 32.48 

Table 4.15 The fracture results of PUCF set of A508 steel specimens 

Order Sample Fracture Fracture 
Set number ID Load, kN Toughness, 

MPa. M O. 5 

I A1322 67.96 117.43 

2 A1112 60.47 104.49 

3 Al 141 62.45 107.91 

Single punched, 4 A1211 47 43 81.96 
unloaded 20°C . 

prior overloaded 5 A1342 81 66 115.44 
unloaded 20°C, . 
cooled -170'C , ° 6 A1121 69 99 120.94 

fractured -170 C . 

7 A1341 72.58 125.42 

8 A1132 72.66 125.55 

9 A1333 71.19 123.018 

Table 4.16 The fracture results of PULUCF set of A508 steel specimens 



TABLES 

l t i M C diti Coefficients from fitted curve a a er on ons K, Pa m) ' Yo (MPa) 
Double punched, 

-18 1 94 3 
A12024 x1R= -1.0 . . 

(15mm thick 
Double punched, 29.5 -45.5 

i x�R= 1.0 
mens) spec Single punched, 14.2 156 1 

x/R= 1.0 . 
2R/t= 1.6, x/R=1.0 16.3 140.1 

A12650 2R/r-1.6, x/R=0.6 15.9 92.6 
(15 thick mm 
specimens) 2R/t 1.0, x/R=1.0 14.6 82.1 

2R t=1.0, x/R=0.6 16.9 -20.7 
Punched, x/R=1.0 11.7 314 

A508 Prior overloaded -56.1 351.2 
(25mm thick Punched + Prior 
specimens) overloaded -57.1 362.2 

AR at 30kN 52.2 92 1 
a lied load . 

Table 5.1 The coefficients obtained from the Williams series fit for different specimens 
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Figure2.1 Illustrating different length scale of three types of the residual stresses [reproduced from: Withers, 2001 
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Figure 2.2 Methods that introduce residual stresses and their corresponding stress fields 
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ßc1 Residual 
stress field 

Figure 2.3 Schematic presentation of the warm pre-stressing method to generate 
residual stresses ahead of the crack in fracture specimens 
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Figure 2.4 Schematic presentation of the three different load cycles of warm pre- 
stressing process 
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Figure2.5 Two methods of residual stresses formation in C(T) specimens, (a) pre- 
straining which produces micro residual stresses, and (b) producing macro residual 

stresses using an over-sized taper pin, reproduced from [Almer et al, 1998] 
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Punching tools 

Specimens 

Figure 2.6 Schematic presentation of alternative local compression indentors used by 
Towers et al. [Towers, 1982] 

Crack tip 

Indentation region 

Figure 2.7 Producing residual stresses using ring indentation applying one side of the 
specimen, reproduced from [Lim, 2003] 
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Figure 2.8 In-plane compression to develop a residual stress field in a compact tension 
specimen [Sherry, 2000] 
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Figure 2.9 Schematic presentation of large plate and residual stresses generation using 
welding employed by Sharples [Sharples et al, 1993] 
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Figure 2.10 Specimen configuration for strain measurements parallel to the load line, 
obtained from [Smith et al, 1995] 
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Figure 2.11 Brittle fracture, transgranular fracture 
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Figure 2.12 The weakest link model for cleavage frcature 
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Figure 2.13 The river patterns in cleavage fracture of A508 steel, picture obtained from 
[Tanguy et al, 2004] 
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Figure 2.14 (a) voids in ductile fracture surface, (b) Intergranular fracture in ductile 
fracture, obtained from [De Haas, 2002] 
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Figure 2.15 Proposed mechanism of fracture initiation in aluminium alloys, (a) Slip 
bands impinge and, (b) fracture the second phase particles, (c) voids grow under action 

of hydrostatic stresses, (d) decohesion occurs at end of already cracked particles 
[Butler, 1985] 
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Figure 2.16 Results of J-Q analysis for the SE(B) specimen and the pipe structure, each 
with and without residual stresses, obtained from [I Lill et al, 19981 

LL 

E 

l. V 

Experiments o " 
. A&,. c. fv. d (AR) Q  

0 -170'C 0 " Qa 
Q -100; 

U. 6 S-LUCF " Q  
" -17( 0 " 
  -1001: Q  

O " 

0.6- 

0.4- 0 " 

0.2- 0 " c   

0 " El " 

0 " Q  

0.0 
20 30 40 90 60 70 100 1s0 2O0 

Maximum Load Fracture Toughness, MPo m1'' 

Figure 2.17 Fracture toughness of A533B steel tor 50 mm thick SE, N(ß) specimens, 
obtained from [Smith et al, 20031 
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Figure 2.18 Apparent fracture toughness versus %LC for weld material, partially 
reproduced from original diagram in [Meith et al, 2002] 
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Figure 2.19 Load versus crack growth in aluminium 2024 plates with and without 
residual stresses (low ductility), obtained from [Sharples et al, 1993] 
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Figure 2.20 Load versus crack growth in aluminium 5083 plates with and without 
residual stresses (high ductility), obtained from [Sharples et al, 1993] 
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Figure 2.21 Reduction in apparent fracture toughness in presence of tensile residual 
stresses generated by in-plane compression, reproduced from [Mirzaee-Sisan et al, 

2005]. In the diagram CUCF is Compression-Unloading from compression-Cooling 
and Frcature 
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Figure 3.1 Schematic presentation of axi-symmetric flat-ended cylindrical punch 
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Figure 3.2 (a) Analytical and FE results of normalised surface pressure, a2cr /P, 

against normalised radial coordinate, r/a, for indentation of half-space. (b) Analytical 

and FE results of normalised stress, aga, IP against normalised depth coordinate, 
z/a, along the line r=a, for indentation of a half-space. 
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Figure 3.3 Schematic diagram showing the finite element meshes employed in the axi- 
symmetric model 
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Figure 3.4 Systematic study of the remote boundaries on the stress state in half-space 
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depth coordinate, z/a, along the line r=a, for the same range of depth values. 
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Figure 3.11 Von-Mises stress contours of loading on an elasto-plastic half-space 
substrate, (a) for 0.2mm (0.016 a) penetration of punching tool, (b) 0.3mm (0.024 a) 

penetration of punching tool (units of Von-Mises stress in MPa), yielded zone is in grey 
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Figure 3.23 Residual stress distributions through the thickness of the plate for three 
different hardening models of Aluminium alloy 2650 
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Figure 3.39 Residual stress distributions normal to the crack plane on (a) Centre and (b) 
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Figure 3.40 Residual stress components in a 15 mm thick Aluminium 2650 C(T) 
specimen following side punching using 25mm diameter punch positioned at x/R=1.0 
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Figure 3.41 Non-linear part of true stress-strain curve for A508 steel at room and low 
temperatures, obtained from [Carssou, 1999] 
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a 25mm thick A508 C(T) specimen following side punching using 25mm diameter 
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Figure 3.43 Illustrating the distributions of three components a 25mm thick A508 C(T) 
specimen following local compression using 25mm x/R=l. 0 for 6mm away from crack 

tip (2% indentation) with isotropic hardening model 
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Figure 3.45 True stress-strain curve for aluminium alloy 2024, obtained from [Garcia- 
Granada, 2000] 
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Figure 3.46 Characterisation of the positions of the double punches along a line parallel 
to the crack line, (a) Punches ahead of the crack tip, (b) Punches behind the crack tip, 
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Figure 3.47 Extend of tensile residual stress region following side punching using a 
20mm double punch (2R/t= 1.3) for four different positions relative to the crack tip, 

y/R=1.2 
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Figure 3.48 Extend of tensile residual stress region following side punching using a 
15mm double punch (2R/t= 1.0) for four different positions relative to the crack tip, 

y/R=1.2 
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Figure 3.49 Residual stress distributions in the centre of the specimen using a 20mm 
double punch (2R/t=1.3) positioned at front of crack tip to generate tensile residual 

stresses, y/R=1.2 
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Figure 3.50 Residual stress distributions in the centre of the specimen using al 5mm 
double punch (2R/t=1.0) positioned at front of crack tip to generate tensile residual 

stresses, y/R=1.2 
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Figure 3.51 Extend of tensile residual stress region following side punching using a 
20mm double punch (2R/t= 1.3) for four different positions behind and relative to the 

crack tip, y/R=1.2 
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Figure 3.52 Extend of tensile residual stress region following side punching using a 
15mm double punch (2R/t= 1.0) for four different positions behind and relative to the 

crack tip, y/R=1.2 
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Figure 3.53 Residual stress distributions in the centre of the specimen using a 20mm 
double punch (2R/t=1.3) positioned behind the crack tip to generate compressive 

residual stresses, y/R= 1.2 
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Figure 3.54 Residual stress distributions in the centre of the specimen using a 15mm 
double punch (2R/t=1.0) positioned behind the crack tip to generate compressive 

residual stresses at four positions, y/R=1.2 
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Figure 3.55 Comparison between distributions of residual stresses following 20 mm 
(2R/t=1.3) and 15 mm (2R/t=1.0) double punches for the positions z/R=1.0 and 

x/R= -1.0 (y/R=1.2) 
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Figure 3.56 Comparison of the normal residual stresses for two different vertical 
positions, y/R= 1.2 andy/R=1.5, of the 20mm double punch (2R/t=1.3) in two horizontal 
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Figure 3.57 Comparison of the normal residual stresses using single and double 

punches both positioned at x/R=1.0 using A12024 aluminium 15mm C(T) specimens 
and 1.6% indentation 
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Figure 3.58 Comparison of the equivalent plastic strain in the centre of aluminium 2024 
C(T) specimens between single and double punches both positioned at x/R=1.0, for 

double punchy/R=1.2 
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Figure 3.61 Distributions of residual stresses following prior overloading 
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Figure 3.62 Distributions of residual stresses for A508 C(T) specimens (2R/t=1.0) after 
side punching (SP), after prior overloading (LU) and after interaction of the two, side 

punching with 2% indentation and overloading at 62.5 kN 
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Figure 3.63 Distributions of residual stresses for A12650 C(T) specimens after side 
punching (SP) (1.6% indentation) and after interaction of SP and LU (4 kN) 
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[Hadidi-Moud et al, 2004] and fitted curve to the experimental as-received data using 

modified Weibull parameters 



FIGURES 

2500 

2000 cu a 
2 

1500 
b 
N 
d 1000 
1 
U) 

`9 500 E 
0 Z 

0 

-500 

--- Punched (PUCF), at 50% Pf (20M) 
As-received, at 50% Pf (30 kN) 

\ý\\ 

ý\ 
ý` 

ýý 1ý 

012345 

Distance from crack tip, mm 

Figure 3.65 Distributions of normal loading stresses for AR and punched (2R/t=1.0, 
x/R=1.0) in A508 steel C(T) specimens at -170°C at 50% failure probability 
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Figure 3.67 Distributions of normal loading stresses for AR and prior overloaded (62.5 
kN) in A508 steel C(T) specimens at -170°C at 50% failure probability 
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Figure 3.68 Distribution of test data for as-received A508 steel C(T) specimens at - 
NOT and fitted curved using local approach and prediction of prior overloading (62.5 

kN) effect using the calibrated Weibull parameters 
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Figure 3.69 Distributions of normal loading stresses for AR and interaction between 
side punching (2% indentation) and prior overloading (62.5 kN) in A508 steel C(T) 

specimens at -170°C at 50% failure probability 
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Figure 4.1 Hardening behaviour of A12650 alloy in tension and compression obtained 
from [Garcia-Granada, 2000] at room temperature 
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Figure 4.5 Tensile specimen and three attached strain gauges in 120° intervals around 
the specimen 
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Figure 4.7 Stress-strain curve for aluminium alloy 2024 obtained from tensile test 
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Figure 4.20(a) The fabricated double punches with LVDT and LVDT holder, 
assembled on the hydraulic test machine (b) C(T) specimen positioned under the 
double punches and ready to proceed, (c) showing the punch and adaptors to the 

loading rods 
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Figure 4.21 (a) Punched aluminium C(T) specimen and fabricated fixture to position 
double punch at x/R= -1.0, (b) Punched C(T) and fixture with added part to position 

double punch at x/R= 1.0 
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Figure 4.22 Load-displacement curve for sample 1 (Table 4.9) with 1.6% indentation 
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Figure 4.26 Illustrating an A508 C(T) specimen punch using the 25 mm diameter single 
punch positioned at x/R=1.0 with 2% indentation 
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A12650 specimen and the attached strain gauges in rosette 
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Figure 4.46 Layout of C(T) specimens to measure strain along x axis in both specimen 
to reduce the counting time 

1.226 

1.224 

aQ 
1.222 

'a 

1.220 

1.218 

do along x axis 

--- do along y axis 

02468 10 12 14 16 

Distance from surface (sample 3), mm 
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Figure 4.49 In-plane residual stresses measured by the synchrotron measurement 
technique in the punched plate (sample 1) containing the estimated errors 
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Figure 4.50 Measured strains in direction of axis y along the measuring lines in plane 1 
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Figure 4.51 (a, b and c) Measured strains along the symmetry lines on both sides of 
middle line, four sets of symmetry lines in (a), (b), (c) and (d) 
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Figure 4.51(d) Measured strains along the symmetry lines on both sides of middle line, 
four sets of symmetry lines in (a), (b), (c) and (d) 
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Figure 4.52 Measured strains in direction of axis x along the measuring lines in plane 1 
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Figure 4.53(a, b and c) Measured strains along x-axis for the symmetry lines on both 
sides of middle line, four sets of symmetry lines are shown in (a), (b), (c) and (d) 
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Figure 4.53(d) Measured strains along x-axis for the symmetry lines on both sides of 
middle line, four sets of symmetry lines are shown in (a), (b), (c) and (d) 
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Figure 4.54 Calculated residual stresses, cy, along the measuring lines in half of plane 1 



FIGURES 

400 

CL 
200 

ro 

. 200 

-+- Line 3 
o Line 11 

0 

QO "'0 

b.. pý O. 

ý. " ""D" 0 "O-0 

400 

eo 
IL 

200 

b 
06 d N 
N 

0 
A 
7 
'O 
.y 
d 

Q: 

-200 

(a) 

05 10 15 20 25 

-ý- Line 4 
a""" Line 10 

0" 

b 

.. 
p.. . "O O". p.. 

,.. 
ý 

"'ý . "ý. " p....... p 

(b) 

400 

05 10 15 20 25 

ý- Line 5 
o Line 9 (a a 

200 

H 
d 
h 
N 
d 
b0 N 

A 
3 

0) 
w 

-200 

O. p 

Q (c) 

05 10 15 20 25 

Distance from crack tip, mm 

Figure 4.55(a, b and c) Calculated residual stresses along y-axis for the symmetry lines, 
four sets of symmetry lines are shown in (a), (b), (c) and (d) 
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Figure 4.55(d) Calculated residual stresses along y-axis for the symmetry lines, four 
sets of symmetry lines are shown in (a), (b), (c) and (d) 
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Figure 4.56 Measured residual stresses in direction of x-axis along the measuring lines 
in plane 1 
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Figure 4.72 Fracture surface of aluminium 2650 alloy, (a) chains of connected voids, 
(b) second phase particles 
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Figure 4.86 Showing river patterns in fracture surface ol'the A508 steel at -170°C 
confirming the cleavage fracture conditions 
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Figure 5.7 Scatter of probability of failure against apparent fracture toughness for sets 
of A508 C(T) specimens 
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Figure 5.8 Comparison of predicted fracture toughness for various load cycles for A508 
steel 
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Figure 5.9 Fitted curve using the William series to the normal component of stress 
distribution in aluminium 2024 containing compressive residual stresses (double punch 

at x/R= -1.0) using residual stresses in, (a) whole ligament (25mm), (b) 2mm of 
ligament 



Fio uiu s 

80 

60 

U, ö_ 
E 
ä 40 

20 

" As-received 
Fitted line to AR 

Q Double punched, x/R = -1.0 
--- Fitted line to DP(Com) 

o Double punched, x/R = 1.0 
Fitted line to DP(Ten) 
Single punched, x/R = 1.0 

""""".. """ Fitted line to SP(Ten) 

o_ 
- 

--------------zr'ö 
-----a------ 

- 

-16 MPa 

20 MPa 

29 MPa 

0 ý- 
0.0 0.5 1.0 1.5 2.0 2.5 

Average crack length, 8a, mm 
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Figure 5.11 William series curve Fitted to the normal residual stress distribution for 
2mm of ligament in aluminium 2024 containing tensile residual stresses (double punch 

at x/R=1.0) 
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specimens 



FIGURES 

25 

iº 2O 

E 
m 

15 

to 
10 

Cu 
F 5 

" AR 
a DP(Com) 
o DP(Ten) 
o SP(Ten) 

AR 
--- DP(Com) 

...... DP(Ten) 

.......... SP(Ten) 

n 

/ 
13 

13 
ýý O 

0.0 0.5 1.0 1.5 2.0 2.5 

Average crack length, 6a, mm 

O/-' 

. 001 . 

0 

Figure 5.13 The amount of KJ(&1) corresponding the energy required for crack extension 
for all sets of A12024 specimens 
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Figure 5.14 Comparison of the experimental and prediction results for A12650 
specimens 
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Figure 5.15 William series curve Fitted to the normal residual stress distribution for 
2mm of ligament in A508 steel sample containing compressive residual stresses (after 

prior overloading at -62.5 kN) 
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Figure 5.16 Comparison of the experimental and prediction results for A508 steel 
specimens 
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Figure 5.17 William series curve fitted to the normal loading stress distribution for 
2mm of ligament in a AR A508 steel sample (30 kN applying load) 
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