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The incidence of roughness induced fatigue crack closure has been studied by finite element 
and analytical modelling. Results of the finite element model under constant amplitude 
show: (1) an increasing ef%ct of crack deflection angle on crack closure levels, consistent 
with the simple geometrical model of Suresh & Ritchie, and (2) little dependence of crack 
closure levels on the value of the ratio of asperity size to the crack tip plastic zone above a 
certain critical value. From the finite element model results an important new mechanism to 
explain the origin of roughness induced crack closure has been proposed, arising from the 
residual shear deformation of the asperities. This new mechanism has been considered in 
relation to the conventional description of roughness induced crack closure, in which a global 
shear offset of the fracture surfaces is required. In particular, problems with the conventional 
roughness induced crack closure mechanism have been discussed. 

An analytical model based on the proposed closure mechanism has been constructed using 
standard fracture mechanics expressions. The results of the analytical model are shown to be 
consistent with the finite element results. The model is considered particularly valuable in: 
(1) showing that the novel micromechanistic understanding derived from the finite element 
modelling is consistent with well established fracture mechanics descriptions of crack 
behaviour, and (2) providing a simple analytical description of RJCC, without introducing 
any arbitrary crack shear parameters. The model has been shown to be consistent with the 
experimental crack closure behaviour typically exhibited by damage tolerant aluminium 
aerospace alloys. 

Both the finite element and analytical modelling techniques have been extended to consider 
the effect of crack deflection on variable amplitude fatigue crack grow t̂h. From the results of 
the finite element models, the ratio of the asperity size to the scale of overload plasticity has 
been shown to be a critical factor. Mechanistic explanations for this behaviour have been 
presented, based on the relative effect of a given overload induced global fracture surface 
offset with varying asperity size. An investigation into the effects of crack closure on the 
near-tip conditions has confirmed the importance of closure on the fatigue crack driving 
force, particularly when occurring close to the crack tip. 
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1 Introduction 

The damage tolerant design philosophy was introduced into the aerospace industiy in 1978 as 

a response to the perceived limitations of the fail-safe and safe-life design approaches [SwiA, 

1996], and remains the design philosophy in use today for many aspects of airframe 

engineering. Under this philosophy an understanding of the fatigue crack growth rate in a 

material is used to predict the growth of a fatigue crack from an initial flaw size to a critical 

length, with an inspection program then being designed such that fatigue cracks are detected 

before the critical length is attained. As such, alloys exhibiting low fatigue crack growth 

rates are clearly desirable if inspection intervals are to be maximised [Lawson efaZ, 1999]. 

An understanding of the factors which affect the fatigue crack growth rates of aerospace 

allo} s is therefore valuable in the design of lifing algorithms, and in the selection and 

optimisation of the alloys themselves. 

Factors which affect the fatigue crack growth rates in aerospace aluminium alloys are 

complex, but are commonly categorised into; (a) intrinsic factors, in which aspects of the 

alio}' composition and microstructure have a direct influence on the cyclic strain behaviour 

actually occurring at the crack tip and subsequent fatigue damage, and; (b) extrinsic factors, 

whereby crack growth resistance is developed due to 'shielding' of the crack tip from the full 

range of remotely applied cyclic loading due to processes occurring either in the crack wake, 

or ahead of the crack tip. The relative importance of intrinsic and extrinsic fatigue crack 

growth resistance is highly dependent upon the active growth mode and loading conditions. 

Stage I type crack growth, which commonly occurs in the early stages of fatigue crack 

propagation, is generally considered to involve the formation of new crack surface by the 

shear decohesion along a slip band [e.g. Slavik & Gangloff, 1996]. Such slip band cracking 

generally occurs under conditions where deformation is localised to a small number of active 

slip systems. In terms of alloying influence on such behaviour, the principal hardening 

mechanism in underaged commercial aluminium alloys is the formation of shearable 

precipitates through ageing [e.g. Vasudevan & Suresh, 1985]. When deformation of these 

alloys occurs such precipitates lead to marked concentration of strain on individual slip 

systems [Brechet et al, 1987]. This propensity for strain localisation may promote stage I 

cracking at loading levels well above the crack growth threshold [Sinclair & Gregson, 1994, 

Liu g/ oZ, 1999]. Given that the active slip plane will of necessity be deflected from the 

nominal mode I crack growth plane, and that crystallographic textures may permit slip band 



growth across several grains at a time, large, regular deflection patterns of crack growth may 

occur. As such, extrinsic contributions to fatigue crack growth resistance may be important, 

with the crack tip shielding mechanisms of crack deflection and roughness induced crack 

closure (RICC) then being active [Venkateswara Rao & Ritchie, 1992]. 

When the region at a crack tip undergoing plastic strains extends to encompass many grains, 

many slip planes may become active, and the crack growth mode may then change toward 

stage H, which can be visualised as a process of simultaneous or alternating shear on two or 

more slip planes, producing crack growth in the nominal mode I growth plane [Laird, 1979]. 

The resulting fatigue crack paths are generally more planar and RICC is not widely 

considered to have a strong effect. However, extrinsic contributions to fatigue crack growth 

resistance may still occur through the process of plasticity induced crack closure (PICC). 

Given the incidence of different crack shielding mechanisms and their complex dependence 

on materials and loading parameters, it can be seen that an increased quantitative 

understanding of the origins and effects of both RICC and PICC, and their potential 

interactions, may be beneficial to the implementation of alloy design Ibr optimum fatigue 

performance, as well as the design of accurate damage tolerant life prediction methodologies. 

How ever, despite the numerous experimental and modelling studies of crack closure which 

have been reported over the last 30 years, significant controversy and uncertainty of the 

importance of the crack closure mechanisms remains. For example, Vasudevan and co-

workers [Vasudevan ef a/, 1992, Louat ef a/, 1993] have suggested that the actual influences 

of closure on crack growth are dramatically lower than many works in the literature suggest, 

and propose alternative explanations to observed crack growth phenomena. An extensive 

body of experimental evidence and theoretical analysis does however exist to support the 

dependence of fatigue crack growth on closure phenomena [Newman & Elber, 1988, 

McClung& Newman, 1999]. 

Several quantitative and semi-quantitative models of RICC exist within the literature, 

although they are generally rather simplified. Furthermore, interactions between different 

closure mechanisms are largely ignored. As such, the present work seeks to extend the 

current understanding of RICC, focusing on geometrical and micromechanical closure 

effects, through the implementation of finite element (FE) and analytical modelling 

techniques. The use of FE techniques in the investigation of fracture mechanics is well 

developed [Liebowitz & Moyer, 1989, Rice & Tracey, 1973]. In particular, the details of 

many FE studies of crack closure occurring as a result of fatigue crack propagation are 

available in the literature. In the present work, the existing FE techniques have been 



extended to consider deflected crack propagation in an elastic-plastic material, under constant 

and variable loading histories. Whilst employing numerical modelling methods, the results 

are interpreted micromechanistically, with a number of analytical fracture mechanics models 

being developed to validate and extend the understanding derived from the finite element 

work. 
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2 Literature review 

Fatigue in metals has been studied extensively in the past 100 years, and various excellent 

reviews on the subject are available. The review of the literature presented here is focussed 

for the purposes of the work. As such for a review of the various basic aspects of fatigue 

research the reader is directed elsewhere. Specifically, for an overview of the historical 

development of the study of fatigue, the reader is directed to the work of Schutz [1996], 

Paris, [1998] and Miller [1991]. For details regarding the mechanics and metallurgy 

concerning fatigue crack initiation and growth, the reader is directed to the texts of Laird 

[1979], Rice [1967], Miller [1993], Lawson et al [1999] and Suresh [1991]. Lastly, for an 

overview of the implementation of fatigue based research in the design of aluminium 

aerospace structures the reader is referred to the work of Gangloff et al [1994], and Swift 

[1996]. 

2.1 Basic concepts of fracture mechanics 

An understanding of fracture mechanics concepts is essential in the study of fatigue. In this 

section a basic review of some of the concepts is presented. In particular, various terms are 

introduced which are useful in describing the behaviour of cracks under small scale yielding 

conditions. 

2.1.1 Energy balance approach 

The first quantitative analysis of the effect of cracks or flaws on the fracture stress of a 

material was presented by Griffith [1921], for brittle materials. It was proposed that in a 

cracked body under stress, fracture would occur if the rate of release of elastic strain energy 

due to crack propagation was equal to the rate of increase in elastic surface energy caused by 

the formation of the new crack surface. This approach was extended to the fracture of ductile 

materials by Irwin [1948], by the inclusion of a term to account for the work done in plastic 

deformation accompanying crack growth. From this approach, the energy release rate G, 

which represents the elastic energy per unit crack area that is available for crack extension 

can be defined, which can be considered as a driving force for crack growth. As such, the 

resistance of a material to fracture can be characterised through a critical value of energy 

release rate, a measure of fracture toughness. 
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2.1.2 The stress intensity approach 

The use of the energy balance approach was found to be limited due to difficulties in 

measuring the work done in plastic deformation of the material during crack growth. A 

significant advance in the theory of fracture came with the advent of the stress intensity 

approach. From the Westergaard [1939] solution for the stresses ahead of a crack tip, Irwin 

[1957] showed that the elastic stresses ay, ahead of a crack under a remote uniaxial stress cr, 

could be written as an infinite power series, as, 

Cy = /) + A/gAer (2.1) 

where r, 8, are the cylindrical polar co-ordinates of a point with respect to the crack t ip ,^ /^ 

is a dimensionless function of 9 , and K, is the stress intensity factor which gives the 

magnitude of the elastic stress field, and is a function of crack length, the applied stress, and 

the specimen geometry. The higher order terms of the power series are commonly ignored. 

From the principle of virtual work it was demonstrated that the stress intensity factor was 

related to the energy release rate as, 

(2.2) 

where .E' = jE for plane stress, = ;E'/(l-\/) for plane strain, and v is Poisson's ratio. Hence, a 

critical stress intensity factor can be defined which is equivalent to Gc, and which is a 

measure of the fracture toughness. The stress intensity approach has the advantage that is a 

function of the applied stress, the crack length and component geometry only, all of which 

can be directly quantified. 

Three modes of loading can be applied to a crack and are defined as mode I (opening), mode 

II (in-plane shear) and mode III (out-of-plane shear), as illustrated in Figure 2.1. A crack 

loaded in tension normal to the crack plane can be described by the mode I stress intensity 

factor, 

(2.3) 

where F is a function of the crack and component geometry, and a is the crack length. 

Solutions for 7̂  in many different geometries have been produced either analytically or 

through finite element methods. 

Equation 2.1 is only valid for a perfectly sharp crack within an elastic body. In a ductile 

material there will be some degree of crack blunting, and inelastic deformation at the tip. 

However if the zone within which the inelastic deformation exists is small compared to the 
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area over which the singularity term in Equation 2.1 holds (called the region of iv-dominance) 

then this is considered a meaningful description of the crack tip conditions. This is known as 

the small scale yielding condition, forming the basis for "linear elastic fracture mechanics" 

(LEFM) as applied to metals. An assumption of similitude is then made, such that the 

behaviour of a crack for any size, shape, or loading condition can be described fully in terms 

of AT values alone. 

In the power series which describes the crack tip stress field (Equation 2.1) the first term 

exhibits a 1/Vr singularity, the second term is independent of r, the third term is proportional 

to Vr, and so on. Classical fracture mechanics theory commonly ignores all but the first term, 

resulting in a single parameter description of the crack tip fields. However, at the crack tip 

the second term in the expansion remains finite and may have a significant influence. When 

written to include this second term in the series expansion, the elastic stresses at the tip of a 

crack are given by [e.g. Larsson & Carlsson, 1973] 

"r 0 0 

(2.4) 0 0 0 

0 0 vr 

where 7 is a non-singular, constant stress term acting in the x-direction (which induces a 

stress vT in the z-direction in plane strain, where v is the Poisson ratio). This so-called 7̂  

stress can have a significant effect on the plastic zone shape and the stresses within the plastic 

zone [Bilby ef a/, 1986, Betegon & Hancock, 1991]. However, for closure free, long fatigue 

crack growth under small scale yielding conditions the T^stress is generally not critical. 

2.1.3 Characterising cyclic loading and fatigue crack growth 

The use of the stress intensity factor to correlate fatigue crack growth was introduced by Paris 

e/ a/ [1961], based on empirical observations. This concept was met with initial resistance, 

given that fatigue (which was known to be controlled by local plastic strains) was not 

considered to be able to be related to a purely elastic parameter [see Paris, 1998]. However, 

as the understanding of ability of the stress intensity factor to characterise crack tip plasticity 

under small scale yielding grew, the concept became widely accepted, with fatigue crack 

growth rates commonly being expressed through the so-called 'Paris law', 

^ = (2.5) 

where AK" = is the stress intensity factor range, AT,,,!, and are the minimum 

and maximum stress intensity factors which arise due to the cyclic loading, a is the crack 



length, # is the number of load cycles, and C and m are scaling constants dependent on the 

material, the microstmcture, the load frequency, the test environment and , 

the loading ratio. It is important to note that Equation 2.5 is not valid for all values of 

with the relationship between and /og generally exhibiting a sigmoidal shape. 

The central range of the crack growth curve for which this relationship approximately holds 

is termed the Paris regime. 

2.1.4 Crack tip plasticity 

As noted above, in a ductile material a zone of plastically deformed material will form under 

the action of an applied far-field tensile load at the tip of a crack. Irwin [1960] derived a first 

order estimate of the scale of deformation under plane stress conditions by using the elastic 

analysis to estimate the elastic plastic boundary, to give an approximate plastic zone size, 

1 
(2.6) 

where is the diameter of the (assumed circular) plastic zone directly ahead of the crack tip, 

and (To is the yield stress. Dugdale's strip yield model [1960] of a crack in an elastic perfectly 

plastic thin plate, (i.e. plane stress conditions), assumes that the plastic zone forms as slender 

region ahead of the crack tip. Based on the balance of stresses about the crack tip this 

analysis estimates the extent of the plastic zone to be. 

(2.7) 

which makes the Dugdale approximation about 20% greater than the Irwin approximation. 

In thick sections, the highly stressed material near the crack tip tries to contract in the through 

thickness direction, but is constrained by the surrounding material. This constraint promotes 

a triaxial stress state, with plane strain conditions existing in the mid-thickness. From the 

Tresca criterion, yielding can be expected to occur when the maximum shear stress is equal to 

a critical value, Under plane stress conditions this gives. 

(2.8) 
- "̂ 0 

where the CT22 is the stress normal to the crack plane, and O33 is the stress in the through 

thickness direction (=0). Under plane strain conditions, the Tresca criterion gives, 

=0 a 22 
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where an is the stress in the crack growth direction (9^0). That is for yielding to occur under 

plane strain conditions the tensile stress must be raised to a higher level than under plane 

stress conditions. To account for this effect, a plane strain constraint factor is commonly 

included, such that the plane strain plastic zone sizes are commonly given as, 

.based on the Irwin analysis, (2.10) 
cr 

and 

K 
based on the Dugdale analysis. (2.11) 

Approximations to the shape of the plastic zone can be arrived at by considering a specific 

yield criteria from plasticity theory, and determining the contour around the crack tip along 

which the stress is equal to the yield stress. No account of the redistribution of stresses above 

the yield stress is made in this procedure, and as such this method is approximate. From the 

von Mises criterion the plastic zone shape can be shown to be given by 

^ 8 + — (7 - 2v (7 + coj 9), 
2 

(2.12) 

2 ^ 2 

These plastic zone shapes are shown in Figure 2.2. 

Under cyclic loading conditions reverse plastic flow at the crack tip will occur during 

unloading. The extent of this cyclic plastic zone was estimated by Rice [1967], using a 

simple superposition argument. By considering a crack loaded to it can be seen that if 

the stress intensity is reduced by AK, the effective yield stress of material undergoing 

compressive yielding may be considered to be 20-0 since the stress in the material in the cyclic 

plastic zone must go from +[70 to -erg as unloading occurs. Hence the diameter of the cyclic 

plastic zone is given by. 

_1_ 
/or ^/a»g 

1 
rc = 

n 2aoy 

(2.13) 

i.e. equivalent to Equations 2.6 & 2.10, but with the yield stress doubled. As such the cyclic 

plastic zone is approximately one quarter of the monotonic plastic zone for = 0. 
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2.1.5 Crack tip opening displacement 

The crack tip opening displacement (CFOD) provides a measure of the blunting at an initially 

sharp crack due to plastic deformation. As the degree of blunting gives a fairly direct 

indication of the maximum deformation conditions at the crack tip the CTOD can be used to 

characterise the behaviour of cracks in ductile materials. From the analysis of Irwin it is 

possible to produce an expression for the CrOD under plane stress as, 

A:/ 
= (2.14) 

o-g.E 

where .E is Young's modulus and v is Poisson's ratio. A similar expression for the CrOD 

under plane stress can be found from the Dugdale model, 

= (2.15) 

which is approximately 20% smaller than the Irwin approximation. Under plane strain, a 

wide variety of expressions have been reported for CrOD based on experimental, analytical 

and numerical investigations (e.g. see McMeeking, [1977]), such as that of Rice [1973], 

which gives, 

A" ^ 
(2.16) 

Under cyclic loading. Rice's model of reversed plastic flow can be used to show that the 

change in CrOD on going from to under plane stress conditions may be given as, 

(2.17) 

and similarly under plane strain conditions, 

(2.18) 
2o-of 

2.1.6 The/-integral 

If the extent of plastic deformation at the crack tip becomes large enough, the use of LEFM 

becomes invalid, and another way of characterising the behaviour of the crack must be found. 

The Griffith/Irwin energy balance approach was extended by Rice [1968] for the case of a 

non-linear elastic material. Consider a crack of length a, in a body bounded by a curve T, 

subject to applied tractions 7, as shown in Figure 2.3. The energy release rate J due to crack 

advance was shown by Rice [1968] to be given by a path independent line integral which 

encircles the crack tip. 
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J-
& / 

(219) 

where if is the strain energy density given by iv = cr̂ G^ , which is valid for any (linear or 

non-linear) unique relationship between the stresses (cr )̂ and the strains (e^),;(and}' are 

distances as shown in Figure 2.3, and s is the arc length along the contour. Hence, Jean be 

used to give the energy release rate due to crack advance for a monotonically loaded material 

undergoing plastic deformation at the crack tip, by equating the elastic-plastic stress-strain 

behaviour to that of a non-linear elastic material. As such, Jean be considered to be a 

parameter of crack driving force. However, a clear restriction on the use of J to describe 

elastic-plastic behaviour exists in that no unloading can occur, since the stress-strain 

behaviour of the non-linear elastic and elastic-plastic materials would no longer be 

equivalent. 

The /-integral was shown to characterise the crack tip conditions in a non-linear material 

under proportional loading by Hutchinson [1968] and Rice & Rosengren [1968]. At the 

crack tip, plastic strains dominate and can be approximated through a power-law relationship 

as, 

-a 
a 

(2.20) 

w here Gg = crg/E, a is a dimensionless constant and « is the strain hardening exponent. It 

was shown that path independence of J required the stress and strain fields to be given by. 

J 

G^=aGo 
J 

(2.21) 

where /„ is an integration constant that depends on «, r and 6 are polar co-ordinates with 

respect to the crack tip, and 6̂ ^ and Ĝ  are dimensionless functions of 8 and ». The stress and 

strain fields given by Equation 2.21 are known as the HRR fields (after Hutchinson, Rice and 

Rosengren). It can be seen that / defines the amplitude of the stress and strain singularity in 

the region of non-linear deformation at the crack tip analogous to the stress intensity factor 

characterisation of the elastic singularity. 

10 
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2.1.7 Crack tip conditions under small scale yielding 

The stress fields at the tip of a crack under small scale yielding conditions are illustrated 

schematically in Figure 2.4. In the outer region the stresses are dominated by the elastic 

singularity and are proportional to r The region is called the zone of ^-dominance. Well 

inside the plastic zone (typically 20-25% of see the FE analyses of McMeeking, [1977] 

and McMeeking & Parks, [1979]) the stresses are dominated by the plastic singularity and the 

HRR solution is approximately valid. As such the stresses are proportional to with 

the region being called the zone of J-dominance. Closer to the tip (approximately 2-3 CTOD) 

large deformations occur and the HRR solution loses validity. This is known as the large 

strain zone. The diameter of this inner region may also be affected by microstructural 

considerations e.g. grain size or particle spacing which may influence near-tip plastic 

deformation. 

Under small scale yielding conditions, the crack tip conditions are uniquely characterised by 

both and J, despite the fact that neither the A^̂ -field or the V-field exist all the way to the 

crack tip. For a linear elastic material J reduces to the strain energy release rate G, hence the 

two parameters can be related as, 

y = — . (2.22) 

2.1.8 Mixed-mode crack tip fields 

The near tip stress and strain fields for a crack undergoing mixed-mode I and II loading in a 

non-linear elastic material were shown by Shih [1974] to be analogous to the HRR fields for 

a mode 1 crack, i.e. 

where is a mixed-mode plastic stress intensity factor, and is the near-tip plastic 

mode-mixity parameter. These parameters can be related to the J^integral and A/ and A!/, 

under small scale yielding conditions as, 

(2.24) 



For the case where ^ and ^ are known, in order to be able to fully describe the near-tip 

fields, the relationship between the elastic far-field raode-mixity Nf =~tan and 

must be found. This relationship was determined by Shih [1974] by a finite element analysis. 

This then allowed the elastic-plastic boundaries to be plotted for varying and as shown 

in Figure 2.5. 

12 



2.2 Fatigue crack closure 

2.2.1 Overview 

In Section 2.1.3 it was indicated that the stress intensity factor range, AK, may be used to 

characterise fatigue crack grovyth. It is however valuable to consider a fatigue crack in a 

specimen undergoing fully reversed tension-compression cyclic loading (i.e. 7? = -1). During 

the tensile portion of the load cycle (cr> 0), it can be assumed that the crack will open and be 

subjected to damaging plastic strains at the crack tip, leading in some way to growth of the 

fatigue crack. During the compressive portion of the load cycle (CT< 0), it is reasonable to 

assume that the crack flanks will come into contact and transmit the compressive stress across 

their faces. As such, it would appear that the tensile portion of the loading cycle is the only 

effective portion, in terms of leading to fatigue crack propagation. This line of reasoning is 

of course a simplification, given that the compressive part of the load cycle has been clearly 

seen to have an influence on fatigue crack propagation, in terms of cyclic plastic deformation, 

and re-sharpening of the crack tip [e.g. see Suresh, 1991]. Indeed, fatigue cracks can initiate 

and grow under purely compressive cyclic loading [Suresh, 1985a]. However under tension-

tension or tension-compression cyclic loading, the tension portion of the loading cycle can be 

expected to be the dominant factor in subsequent fatigue damage. 

It has also been found that crack faces can be in contact at tensile applied loads, and the term 

crack closure has been coined to describe any of the physical processes which lead to such 

premature crack face contact. The discovery of crack closure is usually attributed to Elber 

[1970], who indicated that premature crack face contact can occur during unloading due to 

the presence of previously plastically deformed material in the crack wake. Elber suggested 

that the resultant driving force for crack growth was reduced, and that an effective stress 

intensity factor range, 

, (2.25) 

could be defined, where Amo, is the maximum applied stress intensity factor, and is the 

stress intensity factor at which crack face contact occurs. The crack growth rate (ofo/cW) can 

then be expressed through a modified Paris law (see Equation 2.5) as, 

^ = (2.26) 

where C and m are scaling constants, dependent on the material, the environment and the load 

conditions. Hence the assumption that the stress intensity factor range at the crack tip 
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uniquely determines the behaviour of a fatigue crack under small scale yielding conditions 

was shown not to hold in all cases, i.e. loading and deformation history may influence current 

crack tip conditions. This approach implies that the crack tip is entirely isolated from the 

applied stresses on the point of first contact of the crack faces during unloading. However it 

has been suggested that the contribution to crack tip fatigue damage on going from to Aim,,, 

is not insignificant [Donald, 1997]. As such Equations 2.25 and 2.26 may overestimate the 

effects of crack closure. A significant body of experimental and modelling evidence does 

however exist to illustrate the merit of the crack closure concept (e.g. see Newman & Elber, 

1988, McClung & Newman, [1999]). 

The closure mechanism identified by Elber has subsequently become known as plasticity 

induced crack closure (PICC). Other mechanisms by which crack shielding (i.e. any process 

that tends to reduce crack tip driving force) can occur have been identified and are 

summarised by Ritchie [1988]. Briefly, they include 

« crack deflection, whereby the stress intensity factor at a crack tip is reduced by deviation 

away from the plane of maximum opening stress, 

® zone shielding mechanisms, such as transformation toughening effects seen in steels 

undergoing a strain induced martensitic transformation, and 

" contact shielding mechanisms, whereby premature crack face contact can arise from a 

range of processes, including the presence of corrosion products on the crack surface 

(oxide induced crack closure) or interference between crack surface asperities arising 

from deflected crack growth, (RJCC), or indeed plasticity induced closure as noted 

above. 

In terms of aerospace aluminium alloys, PICC and RICC are generally recognised to be the 

most consistently significant closure processes (depending on the alloy and load conditions). 

The following sections will consider the mechanisms by which PICC and RICC occur, the 

effect which they have on fatigue crack growth, and various models which have been 

constructed to quantify these effects. 

2.2.2 Closure Mechanisms 

2 2 2 . 7 f / C C 

Consider a crack in a ductile material under a far-field tensile cyclic load. At the crack tip the 

material will undergo a tensile plastic deformation on application of the load. During 
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unloading, a degree of reverse plastic deformation will occur, however a residual tensile 

plastic deformation of the crack tip material will exist, i.e. the crack has become blunted. 

When the crack propagates this residually strained material will be transferred into the crack 

wake, thereby reducing the crack opening displacement and leading to the possibility of 

premature crack closure, termed PICC. This mechanism is illustrated schematically in Figure 

2.6(a). 

Plastic deformation of metallic materials occurs with no change in volume, hence under plane 

stress a residual tensile deformation of the material must be associated with a contraction in 

the through thickness direction. Under plane strain there can by definition be no strain in the 

through thickness direction, hence the origin of the plane strain PICC is not as clear. From 

the literature at various mechanisms by which plane strain PICC could occur can be found: 

• Residual plastic strain in the through thickness direction, equal and opposite to the elastic 

strain in this direction, giving a total through thickness strain of zero, whereby tensile 

strain in the loading direction comes about through the discrepancy in the Poisson 

contraction due to elastic and plastic deformation. See Fleck & Newman, [1988] for 

details). 

* A residual shear or rotation of material in the wake towards the crack tip, leading to 

contact of tlie crack faces immediately behind the crack tip, as described by Sehitoglu & 

Sun, [1991] and Riemelmoser & Pippan, [1998], and illustrated schematically in Figure 

2.7. 

» Changes in the shape of asperities in the crack wake due to previous plastic deformation, 

leading to non-matching fracture surfaces and premature closure, proposed by Pippan ef 

a/ [1994] and illustrated schematically in Figure 2.8. 

» Incomplete relief of residual compressive stresses ahead of the crack tip, as put forward 

by Ritchie ef a/ [1989]. 

It should be noted that the origin of the residual compressive stresses is the elastic constraint 

of material near the crack tip in which a residual tensile strain exists, hence this suggestion by 

Ritchie gf a/ [1989] does not in any way explain the origin of the residual strain under plane 

strain conditions. 

There is no conclusive evidence as to what the relative importance of the various mechanisms 

are in leading to PICC. FE simulation [Sehitoglu & Sun, 1991] has shown the first two 

mechanisms to operate, with the residual rotation of material towards the crack tip apparently 
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more significant. This mechanism has also been described through dislocation based [Pippan 

& Riemelmoser, 1998] and mechanics based [Riemelmoser & Pippan, 1998] approaches, 

however it has been criticised by other researchers [Vasudevan e/ a/, 1994] as leading to only 

a very small closure effect. 

2 2 2 2 y^CC 

Consider a crack growing along a deflected crack path. If a permanent shear deformation of 

the crack faces occurs the crack faces will no longer match upon unloading, leading to 

premature crack closure, termed RJCC. This mechanism is illustrated schematically in Figure 

2.6(b). The possibility that crack roughness could lead to premature crack closure was first 

identified by Walker & Beevers [1979], who studied fatigue crack growth in titanium 

samples. Whilst PICC effects were apparently absent, contact was seen to occur at discrete 

points behind the crack tip as a result of deflected crack growth and residual shear of the 

crack flanks. Corroboration of these findings were made by Minakawa & McEvily [1981], 

Blom ef a/ [1983] and Ritchie & Suresh [1982] who introduced the term RICC. In order for 

RICC to occur, a combination of crack path deflection and a residual shear offset of the 

fracture surfaces is clearly required. The source of the crack deflection can be failure along 

grain boundaries, slip bands, secondary phases, precipitates, etc. At the tip of a deflected 

crack mixed mode loading conditions will exist, which may then lead to a residual plastic 

shear offset of the fracture surfaces on unloading. 

Under near threshold fatigue conditions, plastic deformation can be localised to bands of 

intense shear ahead of the crack tip. Crack growth may then occur by shear decohesion of the 

active slip plane (i.e. through stage I crack growth as described previously), and so the crack 

path will follow well defined ciystallographic directions, which commonly leads to highly 

faceted fracture surfaces. Under such conditions, environmental interactions with material at 

the crack tip have been suggested to enhance the irreversibility of shear displacements, and 

hence the magnitude of any RICC [Suresh ef a/, 1984, Carter e/ a/, 1984]. 

The mechanism of RICC has been used to explain the dependence of near-threshold crack 

growth rates on ageing condition, specifically in 7X75 aluminium alloys, although the 

principles are more general [Lafarie-Frenot & Gasc, 1983, Suresh 1984, Carter efaZ, 

1984]. For underaged microstructures, the shearability of the strengthening precipitates by 

dislocations was found to lead to a highly inhomogeneous slip distribution and 

crystallographic crack growth, as described by Hombogen & Zum Gahr, [1976]. This 

resulted in lower crack growth rates, due to the operation of RICC. In the overaged 

microstructure, the strengthening precipitates are non-shearabie, with dislocation looping or 
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bypassing of the precipitates believed to occur. This was found to lead to a wavy slip pattern 

causing a much smoother fracture surface, with an associated drop in closure levels due to the 

lack ofRICC. 

2.2.3 Quantification of crack closure effects 

From Equations 2.25 and 2.26 it can be seen that the fatigue crack growth rate is dependent 

on the closure stress intensity factor Hence quantitative fatigue understanding is 

dependent on meaningful determination of ^ / . It is then important to understand how 

varies with the loading parameters, material properties, microstructure and environment. 

There are a variety of methods which can be used to experimentally determine K^. The most 

common are based on direct observation of the crack tip (either by using a microscope 

mounted on the loading stage, or by examining surface replicas), or by monitoring the change 

in various physical properties of the specimen such as crack opening displacement {COD), 

strain at various points in the specimen, electrical conductivity, or acoustic properties. For 

example, by monitoring the variation of the displacement of the crack faces with applied 

load, the point in the unloading cycle at which crack closure occurs can be inferred by 

identifying the onset of non-linearity in the resulting compliance curve. A schematic 

illustration of an idealised compliance curve is shown in Figure 2.9. Initially, a reduction in 

applied stress cr from leads to a linear reduction in crack opening 6 (region A-B in Figure 

2.9). The slope of the compliance curve in this region is equal to that of an identical 

specimen with a saw-cut of same length as the fatigue crack, indicating that the fatigue crack 

is open all the way up to the tip. In the region B-C the slope of the compliance curve 

increases as cr is reduced, implying that the open length of the fatigue crack is reducing (i.e. 

progressive closure of the crack is occurring). In the final region C-D the slope becomes 

constant again, and equal to the slope of an identical but uncracked specimen, implying that 

complete crack closure has occurred. In reality, the change in the slope through the 

unloading cycle may be small, and the determination of the onset of closure (i.e. the position 

of point B) may be subject to a large degree of uncertainty. 

It should be noted that there will be an inherent variation in the results that are produced by 

the various techniques for determining closure. The methods based on direct observation will 

give the closure point at the surface, while the methods based on specimen compliance will 

generally give a nominal closure point for the specimen as a whole (or for the mid-section for 

the case of push rod compliance gauges, for example). An historical element of experimental 
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variability is introduced due to the lack of rigorous, standard methods for the analysis of 

compliance curves. In genera], offset compliance techniques have been used, i.e. a linear 

relationship is fitted to the upper part of the compliance curve for which the crack is open, 

which is then subtracted irom the observed compliance for the entire load cycle, thus 

amplifying the difference between the open and closed crack compliance. There is 

subjectivity in defining the upper part of the compliance curve and the closure point, leading 

to variability in the analysis of a given set of results. Indeed, the results of a round-robin 

study of crack closure measurement and analysis have shown a large dependence of crack 

closure level on measurement technique, analysis technique, and laboratory for nominally 

identical tests (in terms of material, specimen type, loading and crack length) [see Phillips, 

1989, 1993]. This is reflected by the large scatter of closure data in the literature. Objective 

treatments of analysing compliance cur\'es do exist [e.g. Allison ef a/, 1988, Xu ef of, 20006] 

but they have not been uniformly adopted by the closure community. 

Despite this variability in results, there are some well defined trends that can be identified in 

closure behaviour [McClung, 1991, 1994], which can be rationalised by considering the 

variation of the asperity height, plastic wedge thickness, and COD with the loading 

parameters. With decreasing stress intensity levels, monolithic alloys generally exhibit 

increasing asperity size. At low ^(-ratios COD values will be low, and hence RICC effects 

can be considerable. At higher RICC effects diminish as asperity sizes typically reduce 

and the COD increases. However, the magnitude of the residual plastic strain of the material 

in the crack wake leading to PICC (i.e. the thickness of the plastic 'wedge') can be shown to 

increase with in proportion with the COD (e.g. see the model of Budiansky & 

Hutchinson [1978] which is considered in detail in the next section). Hence PICC levels can 

be expected to be independent of K^ax- With increasing R the increasing values of COD will 

lead to a reduction in closure. However, the wedge thickness increases with increasing as 

reverse yield contributions diminish. Hence closure can still be a factor for relatively high .R-

ratios. As is further increased, such that small scale yielding conditions no longer apply, 

loss of elastic constraint will cause closure levels to tend to zero. 



2.3 Analytical models of fatigue crack closure 

From the previous section, it can be seen that crack closure effects are widely considered to 

have a significant influence on fatigue crack growth behaviour. As such, accurate modelling 

of these effects, whether they arise from PICC or RICC, is desirable in terms of the 

implementation of damage tolerant design. To this end, various analytical models of closure 

effects have been developed. 

2.3.1 Analytical models of PICC 

The earliest analytical model of PICC was developed by Budiansky & Hutchinson [1978]. 

The model considers a long crack under far-field mode I loading such that small scale 

yielding conditions exist at the crack tip. The Dugdale [1960] model (applicable to plane 

stress conditions) is used to describe the crack tip deformation of a stationaiy crack i.e. 

and 8, 0 
K 

(2.27) 

where is the CrOD at maximum load. With the origin of the Cartesian co-ordinate system 

at the crack tip, 

X 
, where = (2.28) 

where 5/% describes the variation of the plastic stretch for 0 < % < (i.e. ahead of the crack 

tip) and the opening of the crack for x < 0 (i.e. in the crack wake). On unloading to = 0 it 

can be shown that the residual plastic strain in the region 0 < % < (^^4) (i.e. within the plastic 

zone) and the residual crack opening is given by, 

1 
2 

g (2.29) 

For steady state fatigue crack growth a plastic stretch of magnitude 5/; /2 is assumed to be 

appended to the crack faces. Using the standard complex Muskhelishvili potentials with the 

appropriate boundary conditions it can be shown that fori? = 0, 5r/5o ~ 0.86, i.e. the residual 

stretch behind the crack tip is 86% of the maximum crack tip opening displacement. Upon 

unloading it is found that contact of the crack faces will occur at a location very close to the 

tip at = 0.483. Closure at the crack tip itself occurs very shortly after the point of 

first contact. On reloading, the crack is found to open fully at = 0.557 (i.e. was 
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found to be slightly higher than A similar analysis performed for positive values of ^ 

was shown to give good agreement with Elber's experimentally estimated formula, 

Kci _ o.5 + o.iy( + o.4;;^ (2.30) 
^max 

The analytical model justified the use of a closure-based effective stress intensity factor range 

AKg^in correlating crack growth rates for different ̂ (-ratios, in that a relation of the form 

(2.31) 

was found to hold. Given that the crack growth rate in a material can reasonably be expected 

to be a function of the cyclic stretch % - the value of should provide a valid 

description of crack driving force. 

A conceptually similar model was constructed by Newman [1981] using what has become 

known as a discretised strip yield or Dugdale model. In the model the near-tip region is 

broken down into a series of rigid-perfectly plastic bar elements, with the intact elements 

ahead of the tip capable of carrying tensile and compressive stresses, and the broken elements 

behind the tip capable of carrying compressive stresses only. The crack opening stresses are 

calculated by numerically solving the displacement and compatibility equations for the 

system of connected elements. A constraint factor a is used to elevate the tensile flow stress 

of the elements ahead of the crack tip to account for the effect of stress state on crack tip 

plastic deformation. Under plane stress conditions a = 1 (i.e. the flow stress is unchanged) 

and for plane strain conditions a = 3 (i.e. the stress in the crack tip elements must reach three 

times the nominal flow stress for plastic deformation to occur). This representation of plane 

strain constraint is an approximation given that the Dugdale model is valid for plane stress 

conditions. However the use of the constraint factor for plane strain conditions has been 

validated [e.g. see Newman, 1998] through a comparison of the crack surface displacements 

and crack opening stresses predicted by the strip yield model to those calculated from a three 

dimensional FE analysis of fatigue crack growth and closure in a finite thickness plate [Blom 

et al, 1990]. By splitting the crack tip region into discrete elements in this way, variations in 

closure which occur due to a decrease in through thickness constraint or due to loading 

transients can be studied. The latest version of this modelling approach is implemented as 

FASTRAN 111 [Newman, 1999]. When adequate fitting via selection of the constraint factor 

to relevant experimental data is performed for constant amplitude loading conditions, 

reasonably accurate predictions of the growth rate response under more complex loading 

histories can be obtained [Newman, 1997, 1998, Barter, 1999]. However there are also 

situations where load transient interactions are poorly represented by the model [Collins, 
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1999, Zapatero g/ a/, 1997]. For example the work of Zapatero gf a/ [1997] demonstrates a 

high sensitivity to the constraint factor used in the model, as well as a variability of the 

quality of the results dependent upon the particular load histoiy used. The FASTRAN model 

is also limited in that it clearly makes no allowance for the influence of other closure 

mechanisms (e.g. RJCC, oxide induced crack closure) which may be important under 

particular loading conditions. The ability of this model to predict reasonable crack growth 

rate response in some situations does however illustrate the importance of the concept of 

crack closure to damage tolerant design. 

2.3.2 Analytical models of RJCC 

Numerous attempts have been made to model RJCC effects [e.g. Beevers et al, 1984, Carlson 

& Beevers, 1985, Evans & Hutchinson, 1989, Ravichandran, 1990, Mendelsohn et al, 1995, 

Chen e/ a/, 1996, Garcia & Sehitoglu, 1997]. The earliest model of RICC is that of Suresh & 

Ritchie [1982], who used a simple geometrical model of a deflecting crack to derive an 

expression for the closure stress intensity factor due to RJCC as, 

K,, _ \S,, _ \ (2,32) 
M o + 

where 8̂ / is the reduced crack opening displacement due to crack flank shear, 60 is the initial 

(unsheared) crack opening displacement, 6 is the crack deflection angle and % is the ratio of 

the mode II to the mode I displacement that occurs during unloading, illustrated in Figure 

2.10. By choosing to relate to Suresh & Ritchie [1982] imply that closure is caused by 

contact in the near-tip region, where plastic strains dominate. Experimental evidence of 

RJCC [e.g. Walker & Beevers, 1979, Suresh & Ritchie, 1982] has shown closure occurring 

remote from the crack tip, hence in this situation it may be appropriate to relate to 5 in a 

linear fashion (i.e. dominated by elastic crack opening behaviour). 

In keeping with the basic link between surface geometry and closure levels, Wasen ef a/ 

[1988] proposed an empirical relationship between and the standard deviation of asperity 

heights (related to grain size), based on experimental observations of ferritic steels, with 

deflection angles not being considered to be an important factor (c.f. the model of Suresh & 

Ritchie [1982] in which asperity height is not considered to be a factor but deflection angle is 

critical). Wang et al [1998] have argued that the model of Suresh & Ritchie [1982] is 

geometrically oversimplified, and that the empirical relationship of Wasen et al [1988] 

contains no information on the applied load or the asperity shape. Hence, they have extended 

these statistical and geometric approaches by incorporating a dislocation-based model to 
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estimate fracture surface mismatch. However the predictive power of this model is limited 

due to the inclusion of unknown proportionality constants, which must be fitted to 

experimental results. Similarly, the % parameter used in the model of Suresh & Ritchie 

[1982] is essentially a fitting parameter. 
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2.4 Finite element models of fatigue crack closure 

2.4.1 Overview 

Initial attempts to model PICC using the finite element method were presented independently 

by Newman & Armen [1975] and Ohji er oZ [1974]. Using an essentially arbitrary crack 

growth algorithm and continuum plasticity theory, a finite element model of a cracked plate 

was constructed. Contact of the crack faces was modelled using spring elements to enforce 

the varying boundary conditions along the line of the crack. It was predicted that the crack 

faces come into contact under tensile far field loads in agreement with experimental 

observations. Although these analyses were limited to a small number of crack growth 

increments, steady-state closure levels were predicted under plane stress conditions in 

reasonable agreement with experimental results. In particular, the effects of variable 

amplitude loading histories and ^-ratio were investigated. Similar models have subsequently 

been used by many researchers to investigate closure under different stress states and loading 

conditions [e.g. McClung & Sehitoglu, 1989, Ogura 1977, Blom & Holm, 1985, Fleck 

& Newman, 1988, McClung e/ a/, 1991, Sehitoglu & Sun, 1991, Llorca & Sanchez-Galvez, 

1990, Wei & James, 2000, Socie, 1977, Nakamura e/a/, 1983, Ashbaugh ef a/, 1997, Ritchie 

ef a/, 1987, Lalor & Sehitoglu, 1988, Fleck, 1986, Biner gf a/, 1994]. It is apparent &om the 

various numerical models which have been presented in the literature that there are several 

important issues, such as mesh sufficiency and the attainment of a steady-state crack closure 

level, which must be addressed to produce meaningful finite element models of the crack 

closure process. A summary of these issues is presented here. 

2.4.2 Mesh sufficiency 

By examining results from Newman [1976] and comparing them to their own results, 

McClung & Sehitoglu [1989] highlighted the existence of a false peak in the variation of 

closure levels with applied load which occurs due to insufficient mesh refinement. At some 

load level for a given mesh, the mesh will be too coarse to pick up the reverse yielding at the 

crack tip upon unloading. Thus the forward plasticity contributions at the tip will be 

artificially high leading to artificially high closure levels. Through parametric investigation 

McClung & Sehitoglu [1989] suggested that a ratio of ten elements to the plastic zone radius 

for first order quadrilaterals at i? = 0 was sufficient. 
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2.4.3 Crack closure stabilisation 

It is also important to allow stabilised crack closure levels to be produced (i.e. the crack 

closure level does not vary significantly from one cycle to the next). That is, the crack must 

propagate far enough to develop a significant plastic wake and ensure that the crack tip is 

outside of the stress field of the initial notch or pre-crack. The imposition of a baseline cyclic 

load on a perfectly sharp precrack (as is the case in the FE model approach) is analogous to a 

low-to-high step load history. Experimental observations of closure under such variable 

amplitude fatigue loading conditions [see Skorupa, 1998] are not conclusive in terms of 

affected distance, but suggest that quasi-steady state behaviour may be achieved sooner than 

for single overloads situations (where a steady-state closure level will typically be reached 

when the crack has grown through three to four overload plastic zone sizes following a 

transient [e.g. Ward-Close & Ritchie, 1988]). Hence, a criterion based on crack growth 

through a small number of crack tip plastic zones would appear to be suitable for numerical 

closure models. McClung & Sehitoglu [1989] have identified the requirement of sufficient 

crack advance based on FE model behaviour, and suggest that growth of the fatigue crack 

through the plastic zone at the initial crack length to be adequate. Certainly FE closure 

results which are presented where the crack has been grown through less than a single plastic 

zone may not be truly representative of actual steady state crack closure response. 

2.4.4 Nodal release point 

The effect of the point in the load cycle at which the crack tip node is released during FE 

crack growth modelling has been investigated by McClung & Sehitoglu [1989]. Schemes 

that have been used in the literature include (i) release at maximum load, after Newman & 

Armen [1975], (ii) release at minimum load, after Ohji et al [1974], (iii) release at some point 

in the unloading cycle, e.g. Lalor & Sehitoglu [1988], Nicholas e/aZ [1988], or (iv) release at 

the point at which the crack tip stresses just become tensile [Ogura et al 1977]. It has been 

argued [e.g. Ashbaugh e/ a/, 1997, Dougherty ef a/, 1997] that release at or near maximum 

load is more physically realistic, and hence more appropriate. But, as McClung & Sehitoglu 

[1989] point out, the crack growth scheme is essentially arbitrary in these models, using crack 

growth increments many orders of magnitude greater than physically observed crack growth 

rates. The crack growth algorithms are merely designed to produce a model of a crack with a 

physically realistic plastic wake. Hence, the criteria for selection of a nodal release scheme 

should not be based on comparison to the actual mechanics of fatigue crack growth, but 

rather on the effect the crack propagation scheme has on crack tip plasticity and crack 
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opening displacements. That being said, McClung & Sehitoglu [1989] found only small 

variations in crack closure levels and crack tip deformation, using the first three schemes 

listed above (for plane stress loading outside the small scale yielding regime). Releasing the 

crack tip node immediately following maximum load was found to give the most consistent 

performance and was the suggested choice of the authors. 

2.4.5 Effect ofthe constitutive model 

The majority of the closure analyses in the literature utilise constitutive models based on a 

bilinear stress-strain curve, with the material either displaying elastic-perfectly plastic 

behaviour or undergoing hardening upon plastic deformation governed by an isotropic or 

kinematic hardening rule. The advantages of this approach lie in the ease with which this 

constitutive model can be implemented within the analysis. The bilinear stress-strain curve is 

also a fair representation of the response to cyclic loading of some materials e.g. medium 

carbon steels [Landgraf, 1979]. However, there are some aspects of cyclic plasticity that 

these simple bilinear models cannot replicate such as cyclic ratchetting (the accumulation of 

plastic strain over time under stress controlled non-zero mean stress fatigue conditions) and 

mean stress relaxation (the tendency of the mean stress to go to zero under strain controlled 

non-zero mean strain fatigue conditions). There are also many materials for which the 

bilinear stress-strain curve is a poor representation of the cyclic stress-strain behaviour e.g. 

aluminium 2024-T4 [Mitchell, 1979]. Attempts to overcome these limitations have been 

undertaken [McClung & Sehitoglu, 1989, Ashbaugh a/, 1997] by the use of a power law 

hardening constitutive model, based on the Ramberg-Osgood relationship 

Ag _ zlo" I 
(2.33) 

where As is the uniaxial strain amplitude, zlcjis the uniaxial stress range, E is Young's 

modulus, A ' is the cyclic strength coefficient and rif is the cyclic strain hardening exponent. 

By relating the cyclic stress and strain in this way the actual material behaviour can be more 

closely approximated. There are however significant drawbacks to this method. The 

implementation of this constitutive model within the numerical analysis is not as straight 

forward as that of the bilinear model, and accurate calibration of the material parameters is 

required. Given that this model does include the possibility of stress relaxation effects, the 

rate of stress relaxation can become important. All the numerical models of closure are run 

over many orders of magnitude less cycles than an actual fatigue test, and hence there is a 

discrepancy in the rates of crack growth in the model and the real system. This will lead to 

unrealistic stress relaxation rates in the model. The results of the study by McClung & 
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Sehitoglu [1989] into the choice of constitutive model are not conclusive. At 7? = 0, the 

power law model was found to yield higher closure levels compared to the bilinear model. 

This is confirmed in the findings of Ashbaugh gr a/ [1997]. It is suggested that this is a 

consequence of the differences in the onset of flow in the power-law and bilinear constitutive 

models. It is noted that both forms of modelling can compare well with experimental results 

under different loading conditions and for different materials. For example the closure levels 

gained from using the power law hardening model were found to be in good agreement with 

the experimental results of Lankford et al [1984] for high maximum stress levels, whereas the 

bilinear model agreed well with the experimental data of Elber [1970], taken at lower 

maximum stress levels. Another approach which can be readily implemented in many finite 

element codes is the use of a multi-linear stress-strain curve, as used by Dougherty et al 

[1997] and Ritchie et al [1987]. That is, the shape of the cyclic stress-strain curve can be 

implemented into the model by specifying the explicit dependence of the yield stress on 

increasing plastic strain. There does not appear to be any rigorous investigation on how the 

closure levels produced from models using this construction compare to those using the 

bilinear stress-strain relationship. 

2.4.6 Effect of specimen geometry 

The effect of specimen geometry on the observed closure levels was investigated by Fleck & 

Newman [1988] and Fleck [1986]. Plane strain FE analyses were conducted for centre 

cracked panel (CCP) and single edge notched bend (SENB) specimens. The results of these 

analyses showed an influence of specimen geometry on the closure behaviour. Specifically, 

closure was found not to occur in the bend specimen for i? > 0 , whereas transient closure was 

observed in the CCP specimen, due to residual crack flank deformation at the location of the 

pre-crack tip (This transient closure effect is discussed in more detail in the next subsection). 

These results were explained in terms of the influence of the ^-stress, which arises from the 

second term in the power series representing the elastic crack tip stress field, and is a uniform 

stress in the x-direction (for a crack parallel to the x-axis, with mode I loading applied in the 

y-direction). The relationship between the T-stress and A7 for a cracked body under mode 1 

loading can be expressed through the biaxiality ratio, as 

r - (2.34) 

For a CCP specimen jS = -1 for small values of a/W, where a is the crack length and W is the 

specimen width, and for the SENB specimen /3 increases with a/W a.nd is positive for a/W> 

0.35. To understand the role of the T-stress on PICC first consider a fatigue crack under 
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small scale yielding, 7 = 0 , plane strain conditions. At the crack tip, the material will have 

undergone a tensile plastic strain in the ^-direction, , and a compressive plastic strain in 

the .\-direction, . The magnitude of crack closure on subsequent crack propagation will 

be dependent on the magnitude of . If the CCP specimen is now considered for loading 

such that a significant (negative) 7-stress exists (acting in the ar-direction), it is clear that the 

compressive strain G will be enhanced, thus enliancing and the level of crack closure. 

For the SENB specimen, for o/PF>0.35, the ^-stress will be positive thus reducing the 

magnitude of and constraining , This will reduce the magnitude of PICC. It is 

interesting to note that a similar analysis undertaken by Fleck [1986] for plane stress 

conditions showed no sensitivity to specimen geometry, where tensile deformation in the jy-

direction causes a through thickness contraction , and the changes of induced by 

changes of the T-stress have no effect. This analysis was performed on the limit of 

applicability of LEFM, and a diminishing effect of specimen geometry with decreasing 

loading level would be expected as the T-stress becomes negligible compared to the singular 

crack tip stresses. Effects of specimen geometry were also investigated by McClung [1994] 

for plane stress conditions, at loading levels at and outside the limit of small scale yielding. 

Different closure levels were predicted in the specimen geometries modelled (CCP, SENB, 

and single edge notched tension specimens), when plotted against o/og, where a is the far-

field applied stress. However, the closure levels in the different specimens were found to be 

in much better agreement when plotted against FG/OQ, where F is the specimen geometry 

factor for the stress intensity factor. Only at high loading levels were T-stress effects 

considered to be a factor. 

2.4.7 Modelling PICC under plane strain 

As noted in Section 2.2.2.1, the issue of PICC under plane strain conditions has been the 

subject of some debate [e.g. see Pippan & Riemelmoser, 1998, Riemelmoser & Pippan, 1998, 

Ritchie g/ a/, 1989, Vasudevan gf a/, 1994]. Under plane stress, through-thickness 

contraction is a clear source of the 'extra material' required for crack closure to occur. Under 

plane strain conditions through-thickness contraction is zero by definition, and this has led 

various authors to argue that PICC cannot occur under these conditions [Louat et al, 1993, 

Minakawa gr a/, 1986]. However, there are experimental data to suggest that PICC can occur 

under plane strain conditions [Fleck & Smith, 1982, Bray gf a/, 1992]. This was first 

investigated through the use of numerical models by Ogura et al [1977] and Blom & Holm 
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[1985]. The results of Blom & Holm in particular showed stabilised closure levels in 

agreement with experimental results from a study of A12024, whereas the results of Ogura e/ 

a/ would not satisfy the mesh refinement criteria of McClung & Sehitoglu [1989], and so may 

be regarded as questionable. Fleck & Newman [1988] argued that PICC in plane strain was 

due to an artificial 'wedge' of material forming near the pre-crack tip used in the modelling 

process. It was argued that if the crack was allowed to grow far away from this wedge, then 

its influence would diminish such that closure levels would go to zero, i.e. plane strain PICC 

essentially being a transient effect caused by unrepresentative residual strains at the pre-

crack. This however is in apparent contradiction with more recent studies [McClung et al, 

1991, Sehitoglu & Sun, 1991, Llorca & Sanchez-Galvez, 1990, Wei & James, 2000], which 

have shown plane strain closure levels in the region of 0.2 to 0.3 for = 0, under small-

scale yielding conditions. The origin of this closure has in some cases been shown to be a 

contraction of material in the in-plane transverse direction, (i.e. parallel to the crack plane). 

This is consistent with the analytical descriptions of plane strain closure subsequently put 

forward by Pippan & Riemelmoser [1998]. However, fundamental to the closure levels 

reported in the literature are the ways in which the closure point is defined. Newman & 

Armen's [1975] initial approach was to monitor the behaviour of the first node behind the tip, 

and to define the closure point as the point in the load cycle at which the displacement of the 

node immediately behind the crack tip from the crack symmetry plane becomes zero. This 

approach has been adopted in many subsequent analyses in the literature. However, Fleck & 

Newman [1988] showed that in plane strain analyses the node immediately behind the crack 

tip may be affected by unrealistic residual strains close to the tip (arising from the crack 

extension process). In particular, the contact behaviour of the first node behind the tip can be 

very different form the rest of the nodes behind the crack tip, regardless of the mesh size, (i.e. 

exhibiting clear mesh dependency). Hence, it was suggested that closure at the first node 

behind the tip should not be taken as the definition of the closure point. Attempts to identify 

crack closure points based on nodal contact are of course subject to the essentially nominal 

scale of mesh refinement used, and attempts have been made [Socie, 1977, Nakamura et al, 

1983] to avoid such definitions by examining instead changes in specimen compliance (cf 

experimental closure determination methods). However, no comparisons between the closure 

points determined by the compliance method and by the behaviour of nodes behind the crack 

tip were apparently made. Overall there does not appear to be any standard definition of the 

closure point in finite element analyses. For example, although McClung & Sehitoglu [1989] 

adopted the criterion of the closure at the second node behind the crack tip, the original 

criterion of closure at the first node behind the crack tip is used in a later paper by Sehitoglu 

& Sun [1991]. 
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2.4.8 Numerical models incorporating crack deflection 

Llorca [1992] used the finite difkrence (FD) technique to demonstrate the effect of periodic 

and irregular crack deflection on crack closure levels. In the FD technique, the response of 

the elastic-plastic solid is governed by the linear momentum theorem, the energy balance and 

the constitutive equations of the material. The continuum body is discretised into a mesh of 

nodes and elements (as in FE), and the calculation is broken down into a number of time 

steps. In each step the loads acting on the nodes are used to determine the nodal 

accelerations, which are then integrated over time to obtain velocities and displacements. 

From the displacements the strains can be computed, and from the constitutive response of 

the material the stresses can be found. By integrating the stresses, the residual loads on each 

node can be determined. This information is then carried forward into the next time step and 

the calculation progresses. In the Llorca analysis, the time increment is selected such that it 

is less than the time taken for information to pass between the two closest nodes (based on 

pressure wave speed). This necessitates a simulated fatigue test frequency of 5000 Hz (i.e. 

far greater than standard experimental practice). It is claimed that dynamic effects in the 

model are small and do not effect the results. The study is an extension of an earlier FD 

analysis of PICC [Llorca & Sanchez-Galvez, 1990], where the meshing criteria defined by 

McClung & Sehitoglu [1989] for FE analyses were used to ensure accurate modelling of 

crack tip plasticity. In the Llorca model of RJCC, it is stated that the effects of plasticity on 

RICC are almost negligible, and that the source of closure can be expected to be the 

displacements of the crack surfaces in the wake. Hence the meshing criteria of McClung & 

Sehitoglu is not adhered to. Instead a minimum criterion of four elements to the crack branch 

length is selected. In fact due to the low loading used in the model {K^ax increases from 0.64 

to 1 MPaVm) and the large crack tip element sizes (typically 10 |Li.m), the ratio of element size 

to plastic zone size is at best 10:1 (cf. the ratio of 1:10 suggested by McClung & Sehitoglu). 

Contact of the crack faces was modelled in a similar manner to the FE models discussed 

previously. The results of the analysis showed that RICC was strongly dependent on 

deflection angle, in keeping with the geometrical model of Suresh & Ritchie [1982], with no 

effect of deflection length for the range studied. Closure was found to be discontinuous (i.e. 

occurring at discrete locations in the crack wake, concentrated at the turning point of the 

crack). When the deflection angle was allowed to vary from one deflected section to the 

next, significant increases in the crack closure levels were found. The origin of RICC in the 

model was considered to be the changing ratio of the mode I to mode II displacements around 

the crack tip due to variations in the crack length and geometry. That is, the mode I and II 

displacements which occur around the tip during the loading cycle are not identical to the 
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displacements which occur during unloading, due to the intervening propagation of the crack 

tip. As such, a residual displacement of the crack faces is predicted, leading to non-mating 

crack surfaces and RICC. From a physical standpoint this proposed mechanism can be 

criticised on two points. Firstly, in a near-threshold fatigue crack the increment of crack 

growth per cycle can be expected to be very small, hence the change in the ratio of mode I to 

II displacements from the loading to unloading cycle due to crack propagation can be 

expected to be infinitesimal. Secondly, the mechanism as described would lead to residual 

deformation of a purely elastic crack, which is clearly not sensible. In fact permanent 

deformation of the crack faces and hence RICC can only arise from plastic deformation. 

Given that this aspect of the model behaviour is clearly not accurately represented, the 

validity of the model predictions must be considered as questionable. 
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2.5 Fatigue crack growth under variable amplitude loading 

The preceding discussion is essentially related to fatigue crack growth response under 

constant amplitude loading. The study of fatigue under constant amplitude loading provides 

valuable insights into the mechanics of the crack growth process. However, the majority of 

components in aerospace applications, and indeed many other engineering situations, undergo 

variable amplitude loading. Unfortunately, the insights gained through the study of constant 

amplitude fatigue cannot be simply extrapolated to variable amplitude conditions. It is 

therefore important to study and understand the effects of variable amplitude loading in order 

to implement an accurate damage tolerant design philosophy under such conditions. 

The effects of excursions from constant amplitude loading (i.e. overloads and underloads) 

were noted experimentally by Schijve & Broek [1962], who showed that significant crack 

growth retardation occurred following the application of a tensile overload. Results were also 

presented which showed an acceleration in growth rate following a compressive overload 

[e.g. Topper & Yu, 1985]. These two results show the inadequacy of the simple concepts of 

damage accumulation, which predict precisely the opposite results: for example, the 

Palmgren-Miner rule [Palmgren, 1924, Miner, 1945] states that 

S t ' " ' 

where n, is the number of cycles corresponding to the rth block of constant amplitude Aa, in a 

sequence of m blocks, and is the number of cycles to failure at Acr,. Clearly, TV}? will 

decrease with increasing Aa„ hence the rule predicts that an overload will reduce the 

remaining fatigue life and an underload will extend it (relative to a baseline load). Tlie 

Palmgren-Miner rule is formulated to predict the fatigue life of a nominally defect free 

specimen. Hence, this discrepancy between the prediction of the Palmgren-Miner rule and 

the experimental overload effects noted above illustrates the differing effects that load 

transients may have on the crack initiation and crack growth stages. 

Given the importance of variable amplitude loading to the aerospace and many other 

industries, a great deal of research into its effects has subsequently been performed. In 

particular, much attention has been focused on the effects of a single tensile overload. By 

restricting attention to this simple case, insights into the mechanistic origins of the fatigue 

crack growth retardation may be easily identified, and it is this aspect of variable amplitude 

fatigue behaviour which will be focussed on here. This clearly has limitations given that 
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significant interaction effects of load transients have been found to occur in reality. For 

example, the application of an load sequence which contains underloads and overloads tends 

to reduce the post-overload retardation compared to a load sequence containing only 

overloads, however the effect is strongly dependent upon the order in which the load 

transients occur [Zhang g/ a/, 1987]. As such, whilst studies of single overload effects may 

increase baseline understanding of variable amplitude fatigue crack growth, they are in fact 

somewhat removed from real service loading conditions. 

2.5.1 General experimental trends 

Application of a single tensile overload during baseline cycling typically leads to transient 

fatigue crack growth rates as schematically illustrated in Figure 2.11, (which also shows the 

nomenclature which is used in describing the application and effect of an overload). In 

general, the application of an overload will be followed by a brief acceleration in crack 

growth rate. This is followed by a period of prolonged retardation leading either to crack 

arrest, or an eventual return to the baseline crack growth rate once a minimum in da/dN\\?LS 

been passed. 

The effect on the fatigue crack growth rate of a single overload will vary depending on a 

wide variety of mechanical and microstructural parameters. Typically, large values of the 

overload ratio, will lead to an increased number of delay cycles, TV),, and a more 

pronounced retardation [e.g. Robin 1983, Ward-Close & Ritchie, 1988, Venkateswara 

Rao & Ritchie, 1988]. Increasing values of the load ratio R, tend to limit retardation, and 

decrease the distance between the application of the overload and the point of minimum 

da/dN. This behaviour has been noted in both steels [Damri & Knott, 1991] and aluminium 

alloys [Tsukuda ef a/, 1995]. For high values of (= 0.65), immediate retardation has been 

recorded [Shin & Hsu, 1993] i.e. the delay in retardation commonly seen at lower R was 

found not to occur. The reported evidence on the effect of AK^blj on overload behaviour is 

inconsistent. Various authors [e.g. Reynolds, 1992, Venkateswara Rao & Ritchie, 1988, Bray 

et al, 1992, Ward-Close & Ritchie, 1988] have shown for a variety of materials that plots of 

vs. exhibit a U-shaped curve, i.e. that the effect of the overload is at a minimum at 

some intermediate value of , and the retardation increases for values of towards 

the threshold and towards unstable fracture. However, the results of Shin & Hsu [1993] show 

the opposite trend for a stainless steel, while the results of Shuter & Geary [1996] show a 

steadily decreasing effect of an overload with increasing 



2.5.2 Explanations of post-overload fatigue crack growth retardation 

A variety of mechanisms have been proposed to account for the observed brief acceleration 

and subsequent prolonged retardation of a fatigue crack following a tensile overload. It is 

generally considered that no one mechanism can account entirely for the post-overload 

behaviour, and that several mechanisms will generally act concurrently (see Suresh [1991], 

Skorupa [1999]). 

2. J. 2.7 f c / o f wre 

In section 2.2.2, the way in which PICC leads to fatigue crack growth retardation under 

constant amplitude loading was discussed. It has been argued [Elber, 1970, 1971] that this 

mechanism is also able to account for the post-overload effects on the crack growth rate. On 

application of the overload, crack blunting will occur. Hence, the baseline crack closure level 

will be reduced (and the effective stress intensity factor range and the crack growth rate will 

be increased) thus accounting for the initial acceleration of the crack. However, the overload 

also produces a zone of material ahead of the crack which has undergone a large tensile 

plastic stretch. So, as the crack propagates this stretched material moves into the crack wake, 

forming a 'wedge', and leading to enhanced levels of PICC compared to the baseline level. 

This then accounts for the delayed retardation of the crack. As mentioned above, immediate 

retardation has been found to occur for high i?-ratios [Shin & Hsu, 1993], consistent with the 

fact that PICC is not necessarily the only mechanism operating. As the crack grows away 

from the wedge of plastically stretched material, its influence on the near tip strain field, and 

hence fatigue crack growth rate may be expected to diminish, and crack growth rates return to 

their baseline level. Experimental evidence suggested for overload-induced PICC includes 

the loss of striations on the fracture surface ahead of the position of the crack tip at the time 

of application of the overload (suggesting that fracture surface contact and abrasion have 

occurred [e.g. Kumai & Higo, 1996, Ward-Close & Ritchie, 1988]) and direct measurement 

using a push-rod compliance gauge [Fleck, 1988]. It has also been noted [Nayeb-Hashemi e/ 

a/, 1983] that under mode III conditions, where closure due to contact shielding mechanisms 

such as PICC is not an issue, crack growth retardation does not occur following an overload. 

Whilst crack closure is widely considered [e.g. Skorupa, 1999, Geary, 1992] to provide the 

primary contribution to post-overload retardation effects, there are incidences in the literature 

where closure alone cannot apparently explain the observed (fo/laTV relationships 

[Suresh, 1983, Kim & Shin, 1999] (although the significant degree of uncertainty that 

accompanies closure measurement is an important consideration). As such, it is important to 

consider other proposed mechanisms of overload-induced retardation. 



2. J. 2.2 CracA: n); 6/wMfMg 

Christensen [1959] suggested that on application of an overload, a previously sharp fatigue 

crack will become blunted. Thus the crack will behave like a notch, leading to a retardation 

as the crack re-initiates and propagates away from the notch stress field. However, whilst 

crack tip blunting can undoubtedly occur, post-overload crack arrest has been reported for an 

apparently sharp crack tip [Lankford & Davidson, 1976]. Furthermore, blunting has also 

been observed following the application of an underload, but with an accompanying 

acceleration in crack growth rate [Fleck, 1985]. As such, crack blunting is not considered to 

contribute to post-overload retardation, and may in fact be considered to reduce crack tip 

closure levels immediately following the overload, thereby contributing to the brief 

acceleration in the fatigue crack growth rate typically observed. 

2. J.2. j coTMprgfjyf'vg 

At the tip of a fatigue crack, residual compressive stresses will exist due to the elastic 

constraint of previously plastically deformed material. Following the application of an 

overload, the zone of compressive stress has been shown experimentally to increase in size 

[Allison, 1979], and it has been suggested that these compressive stresses will retard the 

crack growth [e.g. Wheeler, 1972, Willenborg et al, 1971]. Whilst the compressive stresses 

will clearly lower the local (crack tip) load ratio, without resorting to crack closure 

arguments, it is not clear why these stresses would affect and hence the crack growth 

rate. Furthermore, the largest residual stresses will occur directly ahead of the crack tip, and 

thus immediate retardation would be expected. Experiments have also shovm [Suresh, 1983] 

that the retardation effect may last even when the crack has propagated through the zone of 

compressive stress, further casting doubt on the predominance of this mechanism. 

2. J. 2.-/ j'/razMAwtfeMZMg 

It has been proposed [Jones, 1973] that the strain hardening of the material ahead of the crack 

tip, due to application of an overload, will contribute to the crack growth retardation, through 

reduced opening of the crack tip, and experimental data which supports this suggestion has 

been presented [Knott & Pickard, 1977]. It is widely considered however, that this 

mechanism alone cannot account for the observed retardation following an overload. For 

instance, overload retardation is observed in metallic glasses [Chaki & Li, 1984], which do 

not exhibit any strain hardening behaviour, indicating that strain hardening is not a necessary 

condition. Results have been presented [Petit et al, 1988] showing that the degree of 

overload retardation for an aluminium alloy was enhanced in the underaged state, where the 

material exhibits high strain hardening, compared to the overaged state, where the strain 
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hardening is much lower. However, variations also occurred in the crack morphology, 

suggesting that the increased retardation could be due to increased crack roughness. 

2. J.2. j Croc/: Ara/zcAmg 

Deflection and/or branching of the fatigue crack have been noted experimentally following 

the application of an overload [Suresh, 1983, Shuter & Geary, 1996, Ward-Close & Ritchie, 

1988, Bray a/, 1992, Venkateswara Rao & Ritchie, 1988]. Whilst in some cases this is 

only a surface effect [Bray gf a/, 1992, Venkateswara Rao & Ritchie, 1988], in others the 

branching may occur throughout the entire specimen thickness. Given that the stress 

intensity factor of a deflected or branched crack is reduced compared to a straight crack of the 

same projected length [Kitagawa ef a/, 1975], crack growth rate is retarded. 

A further contributory factor to crack retardation is the possibility of the reactivation of near-

threshold crack growth mechanisms [Suresh, 1983]. For instance, if the crack tip AK^jjis 

sufficiently reduced subsequent to the application of an overload, it is possible that fatigue 

crack growth will occur through stage I type (crystallographic) propagation, even though the 

far-field stress intensity factor range may be well above the threshold. This may then lead to 

the operation of near-threshold retardation mechanisms such as oxide and roughness induced 

crack closure, thus magnifying the effect of the overload. 

2.5.3 Rationalising the experimentally observed trends 

In section 2.5.1, the trends that are generally seen on application of an overload, and how 

these vary with changes in the loading parameters were discussed. By considering the 

proposed mechanisms for post-overload retardation discussed in section 2.5.2 (in particular 

PICC), it is possible to rationalise these trends. 

It has already been seen how PICC arguments can explain the initial brief acceleration, the 

prolonged retardation and the return to baseline crack growth rates following an overload. 

PICC can also be used to explain the dependence of the retardation on overload ratio, %0L. 

Clearly, for higher %0L, the size of the wedge of plastically deformed material in the wake 

will be greater, leading to a greater reduction in crack growth rate, and an increased number 

of delay cycles. That is, the predicted variation of PICC effects are consistent with those seen 

experimentally. 

The effect of PICC can clearly be expected to diminish with increasing 7̂ , as the increase in 

crack opening can be expected to be greater then the increase in the thickness of the plastic 



wedge (see Budiansky & Hutchinson [1978] for details, discussed in section 2.3.1). Hence, 

the experimentally observed reduction in number of delay cycles, onset of retardation, and 

magnitude of retardation, with increasing R are also consistent with the PICC mechanism. 

The variation in retardation behaviour with baseline stress intensity factor range, AK(bl}, 

characterised (in most instances, but not all) by a U-shaped plot of the number of delay 

cycles, against has been explained by the concept of competing closure 

mechanisms. Ward-Close & Ritchie [1988] and Venkateswara Rao & Ritchie [1988] 

proposed that fbr low near-threshold crack growth will promote crack roughness, 

which associated with low levels of crack opening will mean that RJCC mechanisms will be 

operative. At intermediate values of AK(bl), R I C C will decrease, leading to reduced post-

overload retardation. However, fbr higher values of retardation effects will again 

increase as the stress state ahead of the crack tip becomes more plane stress in character, and 

PICC effects are thus increased. A schematic illustration of this behaviour is shown in Figure 

2.12. A different explanation for this behaviour was put forward by McEvily & Yang [1990], 

based solely on PICC. Near the threshold the crack growth rate, and hence TV),, will be highly 

sensitive to changes in due to the steep gradient of the vs curve, i.e. a 

slightly lower may mean a much greater The rise towards unstable fracture is 

again attributed to the development of plane stress PICC. 

2.5.4 FE models of overload-induced closure 

From the earliest FE models of PICC, it was clear that the modelling procedure could be 

readily extended to investigate load transient effects. Newman & Armen [1975] and Ohji et 

a/ [1974, 1975] applied simple block loading histories in their FE models to yield closure 

behaviour in qualitative agreement with experimental observations. Due to considerations of 

processing time, the overload ratios and the number of crack growth increments were 

required to be small, hence in-depth analysis of load transient effects was not possible. 

Following on from these early models, the FE investigation of variable amplitude closure 

effects has received comparably less attention in the general scientific literature than constant 

amplitude closure. However, the general trend of a brief acceleration followed by prolonged 

retardation following a single overload has been reported by various researchers from both 

two dimensional [Zhang gf a/, 1992, Ellyin & Wu, 1999, Dougherty g/ a/, 1997, Pommier & 

Bompard, 2000, Fleck & SherclifF, 1989] and three dimensional models [Chermahini ef a/, 

1988, Zhang, 1999]. However, quantitative agreement with experimental data has not always 
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been achieved. For instance Dougherty et al [1997] report good quantitative agreement 

between constant amplitude tests in a steel and their FE model, with FE values of Kc/Kmax for 

various levels typically being within 5% of experimental values. Significant 

discrepancies are reported however for single overload conditions, with the FE model 

predicting greater shielding and for a longer duration than was found in the experimental 

results. This highlights either the limitations of the modelling process, or the importance of 

multiple mechanisms in post-overload fatigue crack retardation. Pommier & Bompard 

[2000] highlight the role of factors which influence the cyclic plastic deformation behaviour 

on overload-induced closure. In particular, materials exhibiting a Bauschinger effect were 

shown to be far less resistant to variable amplitude fatigue loading than materials which 

isotropically harden. This is attributed to the dependence of the residual stresses at the crack 

tip on the cyclic plastic behaviour, which effects the development of the overload plastic 

zone. Fleck & Shercliff [1989] used FE techniques to show that overload induced closure 

operates under plane strain conditions. Closure was shown to be dependent upon the 

deformation of material at the overload location, leading to discontinuous contact behind the 

crack tip when the crack had propagated some distance from the overload location. This 

discontinuous closure behaviour was also noted experimentally, and was considered to be 

responsible for the actual growth rate recovery being faster than that predicted by the closure 

response, i.e. based on discontinuous closure away &om the near-tip region was found 

to overestimate the actual shielding of the near-tip material. In an attempt to avoid the 

problems of relating discontinuous post-overload closure to the crack driving force, a 

definition based on the sign of the stress at the crack tip was implemented by Ellyin & Wu 

[1999]. It was argued that crack closure would not necessarily prevent further crack growth 

if the crack tip was still under tension, nor would crack opening necessarily lead to crack 

propagation if the crack tip was still under compression. Hence AK^was defined as that 

portion of the load cycle for which the crack tip node was under tension. In terms of 

removing the definition of A^^^from crack face contact to a more micromechanical based 

criterion, this approach can be criticised for two reasons. Firstly, fatigue crack propagation is 

fundamentally a cyclic strain based phenomenon [Laird, 1979, Rice, 1967]. Hence a 'true' 

micromechanical characterisation of crack driving force should be based on the cyclic strain 

range within the crack tip process zone. Secondly from a modelling standpoint, use of the 

stress at the crack tip node is suspect given that the crack tip in the FE model is sharp by 

definition, thus implying a stress singularity. However the elements used in the analyses are 

not capable of representing this behaviour (exhibiting either constant stress or linear stress 

variation), and confidence in the very near-tip solution is not justifiable. This is not an issue 
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for the credibility of the model as a whole, given that the plastic defbrmations away from the 

very near-tip region which lead to crack closure may still be accurately modelled. 
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2.6 Crack closure concepts under reconsideration 

In the last ten years the existence and significance of crack closure has come under question. 

Donald [1997] presented experimental evidence which suggested that crack closure does not 

entirely isolate the crack tip. Specifically sub-millimetre strain gauges were mounted on the 

specimen surfaces directly in the line of the fatigue crack, allowing the elastic strain range 

close to the crack tip to be measured. By considering that the crack driving force should be 

proportional to the entire elastic crack tip strain range (and not just that portion above the 

crack closure point), and noticing that a significant contribution to elastic crack tip strain 

occurred below Donald [1997] proposed that should be based on the ratio of the 

measured strain magnitude to that which would have occurred in the absence of closure. This 

was referred to as the compliance ratio technique, and will clearly lead to lower levels of 

crack tip shielding than conventional closure measurement. From an experimental point of 

view this clearly has the advantage that the identification of K î (subject to large variability 

arising from experimental technique and the processing of the data) is not necessary. An 

adjustment to this technique, called the adjusted compliance ratio (ACR) aimed at making the 

measurement independent of strain gauge location, was also presented which entails 

subtracting the compliance prior to the initiation of the crack, C„ from the secant compliance, 

Cj, and the compliance above the opening load, Co, (see Figure 2.13), which (with the 

inclusion of a normalising factor) gives, 

(2.36) 

^si ^0 

where ^07?^ is the normalised adjusted compliance ratio and Q / Q , is the normalising factor 

based on the ratio of the values of C„ and C prior to the initiation of the crack. The 

normalising factor is included to account for bias in the compliance measurements due to 

noise or non-linearity. The driving force of the crack is then given as, 

(2.37) 

Apparent experimental justification of this technique has been presented [Donald, 1997, 

Donald & Phillips, 1999, Bray & Donald, 1999, Donald & Paris, 1999] in which correlation 

of crack growth rates for different R ratios was claimed to be better using the ACR technique 

than for the standard crack closure technique. However the comparison is dependent upon 

the high degree of experimental variability in the compliance based closure data [Phillips, 

1989, 1993]. Furthermore a fundamental physical basis for the ACR technique has not been 

demonstrated. For instance, it could be suggested that basing the technique on the elastic 
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crack tip strain range is suspect, given that fatigue crack growth can be expected to be 

controlled by cyclic plastic strain in the crack tip process zone. 

Vasudevan and co-workers [Vasudevan 1992, 1994, Louat gf a/, 1993] presented 

dislocation based models to show that PICC effects were apparently non-existent and RICC 

effects were much smaller than those normally estimated from specimen compliance. The 

authors implied that the variation of the crack growth rate and threshold with the loading 

parameters was an intrinsic material property. A 'unified approach' was proposed where 

fatigue crack growth was considered to be controlled by two crack tip driving forces, 

leading to cyclic plastic damage, and K„,ax leading to crack tip rupture. Similarly two 

thresholds were proposed which were considered to be necessary conditions 

for fatigue crack growth. This line of thinking runs counter to the widely held view in the 

fatigue community that closure "mziyr ro or ^gof̂  

crack growth problems, although closure may not be an issue in all problems and does not 

a/wayf r̂ovzWg a co/Mp/g^g q/"CT'acArgroTi'fA AgAavrowr" [McClung, 1999]. The 

work of Vasudevan and co-workers received opposition from McEvily & Ritchie [1998], 

who illustrated widespread experimental evidence which ran counter to the unified approach. 

Further opposition was presented by Riemelmoser & Pippan [1999a] in which a similar 

dislocation based analysis to that presented by Vasudevan and co-workers [Louat g/ a/, 1993] 

was in fact shown to exhibit PICC. The difference in the analyses was attributed by 

Riemelmoser & Pippan [1999a] to a mistake in the reasoning of Louat et al [1993]. 

Specifically, the findings of the dislocation based analyses of Vasudevan and co-workers can 

be summarised by the statement ybr /Ag croc/: /o rg/Movmg 7770%/-

f/zg OMg/ /Y m Âg vo/z/mg aAga /̂ o/rAg cracA: fip. coM m 

opgM/Mg fAg cracA" [Sadananda & Vasudevan, 1998]. They use this reasoning to claim that 

PICC does not occur, and attribute shielding of the crack tip to the dislocation stress field 

effect ahead of the crack tip. It is further claimed that earlier results from Weertman [1992] 

support this conclusion. Riemelmoser & Pippan [19996] do not dispute the claim that crack 

tip dislocations can only lead to opening of the crack, and cite FE analyses which clearly 

show non-closure of stationary cracks, as well as their own dislocation based analyses which 

show the same behaviour. However by moving the crack tip forward with respect to a 

previous arrangement of crack tip blunting dislocations, premature crack face contact is 

shown to occur. Riemelmoser & Pippan also dispute the claim that the work of Weertman 

supports the non-closure conclusion as it does not consider a propagating crack. Vasudevan 

and co-workers refute the FE evidence for crack closure by claiming that "If [PICC] exists, 

/f/zg F.E 7M06̂ g/j[/ Aavg ĝgM ybr a .y/arzoMa?}' ̂ /ay^zc a.* wg/Z" [Sadananda & 
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Vasudevan, 1998]. This is clearly at odds with the suggested mechanism of PICC [Elber, 

1970, 1971] in which the propagation of the fatigue crack into the crack tip plastic zone is a 

critical aspect. 

Notwithstanding the above, the proponents of the unified approach have however continued 

with their ideas, with the concept receiving strong support in papers presented at the recent 

conference on Tvzfzgwg Damagg m and being 

extended to compression-tension [Vasudevan & Sadananda, 1999] and variable amplitude 

fatigue regimes [Sadananda et al, 1999]. The two models of crack driving force, i.e. that 

based on and that based on AA7 and were shown to be mathematically 

compatible by Krenn & Morris [1999]. As such, it was suggested by these authors that 

attention should be focussed on understanding the physical micromechanisms occurring at 

the crack tip during fatigue crack growth rather than analysis of the global crack driving force 

or far-field estimates of closure. To this end, sophisticated analysis techniques such as the 

high resolution computed tomography carried out by Stock and co-workers [Guvenilir & 

Stock, 1998, Guvenilir et al, 1999], where in situ observations of contacting fatigue crack 

surfaces in the interior of metallic specimens have been made possible, and the high 

resolution strain measurements made possible by synchotron radiation [Sinclair & Buffiere, 

2000], may yield significant insights into the micromechanics of the crack closure process. 
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Mode I 

(opening mode) 

Mode II 

(in-plane shear mode) 

Mode III 

(out-of-plane shear mode) 

Figure 2.1. The three modes of loading that can be applied to a crack. 

Plane 
St re ss 

Crack Tip 

Plane 
Strain 

Figure 2.2. Plastic zone shapes predicted by the von Mises criterion. 
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Figure 2.3. A two dimensional body bounded by a curve, F. 

Legend 

Laige strain region 

./-dominated zone 

^-dominated zone 

Figure 2.4. Schematic illustration of the crack tip stress fields under small scale yielding 

conditions. After Anderson [1995]. 
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Figure 2.5. Elastic-plastic boundaries for small-scale yielding in plane strain, from Shih, 

[1974]. 

plastic 
wake fatigue 

crack 

(a) 

current 
plastic 
zone 

fracture surface asperity 

(b) 

Figure 2.6 Schematic illustration of the retardation of a fatigue crack due to (a) plasticity 

induced crack closure, and (b) roughness induced crack closure. From Suresh, [1991]. 
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A) Without Constraint 

' Material 1 
I Transport ~ Material 

Transport 

Figure 2.7. Placticity induced crack closure caused by plastic shear deformation in the wake. 

In (A) the deformation is unconstrained. Addition of the elastci constraint in (B) leads to 

rotation of the material towards the crack tip, and the possibility of crack closure. 

(a) (b) 

Figure 2.8. Schematic representation of a rough crack: (a) illustrates the perfect fitting of the 

crack flanks in the absence of plastcity, (b) shows the crack flanks where plastic 

deformation has caused a reduction of the width of the asperities and an increase in their 

height, leading to a residual plastic wedge. From Pippan & Riemelmoser, [1998]. 
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max 

Figure 2.9. Schematic illustration of an idealised compliance curve. 

Roughness Induced 
Crack Closure 

Upper fracture surface 
at maximum load 

Upper fracture surface 
at closure point 

Figure 2.10 Detail of the geometrical model of roughness induced crack closure of Suresh & 

Ritchie [1982]. 
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-Delay 
distance, 

Affected distance, a 

Delay cycles, N 

Cycles, # 

over/oâ y 

PF/f/z 
over/ooi/ 

Anected distance, a 

Distance from overload 

(c) 

Figure 2.11 Illustration of the effect of a single spike overload, showing (a) nomenclature, 

(b) crack length vs number of cycles, and (c) grow t̂h rate vs crack length behaviour. AAer 

Venkateswara Rao & Ritchie, [1988]. 
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Figure 2.12. Schematic illustration of the variation in crack closure with baseline stress 

intensity factor range YB4I, 

-o 
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Figure 2.13. Schematic illustration of the use of the compliance ratio technique to quantify 

crack driving force based on the variation of near-tip elastic strain with applied load. 
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3 FE modelling of RICC under constant amplitude loading 

3.1 Ovei*view 

In this chapter, details of the FE models which have been constructed to investigate the 

phenomenon of RICC are presented. Specifically, the scope of this work is the examination 

of crack closure arising from a combination of residual plastic deformation and crack 

deflection, during long fatigue crack growth, under constant amplitude, small-scale yielding 

conditions, in a damage tolerant aerospace aluminium alloy. 

This work builds upon the existing FE models of fatigue crack closure (for undetected crack 

growth) presented in the literature. In order to do this, techniques which have previously 

been implemented in closure specific FE codes, have been incorporated into the general 

purpose FE code ABAQUS. Extensive verification of the model behaviour has been carried 

out, along with a detailed investigation of the definition of the closure point. Some additional 

results of interest, including those relating to the influence of slip bands on RICC, are also 

presented. 
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3.2 Design of the model 

3.2.1 Material and loading issues 

The aim of the modelling work was to investigate closure behaviour which is typically 

exhibited in damage tolerant aerospace alloys (e.g. 2024-T351, 2124-T351) in the near-

threshold fatigue regime. The materials properties chosen to represent this type of alloy 

were, elastic modulus E = 1A GPa, Poisson ratio v = 0.33, yield stress Og = 370 MPa [Ritchie 

era/, 1987]. 

Given that the phenomena of interest occur under small-scale yielding conditions, it can be 

assumed that there will be minimal influence of specimen geometry. The conventional centre 

cracked plate (CCP) specimen geometr)' and the necessary boundary conditions are easily 

implemented in the FE code, and hence this specimen format was selected. The dimensions 

chosen were width 75 mm, initial half crack length og = 7.6 mm, and thickness .8 = 7.5 

mm. 

Given the widely acknowledged role of RICC in plane strain near-threshold crack growth, 

such loading conditions were of particular interest. As such, AK levels of the order of 3-5 

MPaVm were primarily investigated (for 7(-ratios of - 0), subject to mesh density 

considerations (see below). 

3.2.2 Crack geometry issues 

An}' attempt to represent a typical fatigue fracture surface, which includes microscopic 

roughness, in a FE model will require a certain number of approximations. In order to reduce 

the complexity of the fi-acture geometry, a simple zigzag geometiy was chosen, where both 

the crack deflection angle 8, and the length of the crack deflection Z (see Figure 3.1 for the 

definition of these parameters), had constant values. Furthermore, the crack was assumed to 

deflect only in the plane normal to the thickness direction. That is, the crack exhibited the 

same deflection angle at all points through the thickness, and hence could be represented as a 

simple two dimensional model. 

Both 9 and Z (or in fact Z/ where is a characteristic length associated with the plastic 

deformation in the crack tip region) have been identified as important parameters in the 
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phenomenon of RICC [Suresh, 19856]. As such, an investigation of the dependence of RICC 

exliibited by the model on these parameters was considered appropriate. To this end, initial 

analyses were performed for crack deflection angles of 0°, 30°, 45° and 60°: the length of the 

deflected section was generally set to 20 p,m (exceptions are identified in the text), and the 

ratio of 2/ 4 was varied through changes in the applied load. It will be shown in Section 3.2.3 

that the element size is dictated by the loading. Hence analyses of large crack deflections for 

low loading levels can be computationally expensive. As such, the chosen deflection length 

represents a balance between computational efficiency and the maintaining of a realistic 

crack morphology. Once the basic model behaviour was established, further model analyses 

were run where the restrictions of constant deflection angle or length were removed. No 

attempts were made to model the effects of through-thickness crack deflection. 

3.2.3 Implementation 

Two-dimensional meshes representing the specimens with embedded deflected cracks as 

described above were constructed using the commercial pre-processor MSC/PATRAN. 

These were then implemented as FE models in ABAQUS/Standard 5.8 [ABAQUS, 1998]. 

The model assumes symmetric crack growth, hence symmetry considerations allowed one 

half of the specimen to be modelled fbr deflected crack grov^th (one quarter for the 

undetected crack models). The material properties described above were implemented, with 

a simple linear kinematic hardening model being assumed 0.07 E, where H is the slope 

of the plastic line on the stress-strain plot)'. As the plastic zone size for the specified loading 

range can be expected to be much smaller than the specimen thickness, plane strain 

conditions were assumed. 

Up to 10000 first order isoparametric quadrilateral elements (i.e. 4 noded quadrilaterals) were 

used to discretise one half of the CCP specimen (up to 5000 elements in the quarter model). 

These elements utilise the selectively reduced-integration technique, which helps to prevent 

mesh locking and provides an accurate solution in incompressible or nearly incompressible 

cases, see [Nagtegaal, 1974; ABAQUS, 1998]. There is no particular benefit in using second 

order elements (i.e. 8 noded quadrilaterals) as the choice of element size is governed by the 

crack tip plastic zone size, and hence the use of higher order elements will not permit any 

reduction in mesh density. Typical meshes are illustrated in Figure 3.2. 

It may be noted that a number of the results presented here were repeated for isotropic hardening with 
no significant effect on behaviour being identified. 
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In modelling closure, plasticity at the crack tip is of particular interest. Special singular crack 

tip elements were not used in this work. Instead, a fine mesh was employed at the crack tip: 

in this respect McClung & Sehitoglu's recommendations [1988] (see Section 2.4) for 

modelling plasticity induced crack closure at = 0 using first order quadrilateral elements 

were adhered to. As such the maximum element dimension at the crack tip corresponded to 

one tenth of the plastic zone size, at maximum load. Under plane strain conditions the 

Dugdale approximation [1960] gives, 

K (3.1) 

If AK is set to 4.6 MPaVm, (i.e. to a near threshold stress intensity factor range for a damage 

tolerant aluminium alloy), and uo is as detailed above, then the plastic zone size will be 

approximately 20 jim. Hence by setting the crack tip element size to 1 |im, McClung & 

Sehitoglu's criterion is clearly met. The independence of the model with respect to element 

size is demonstrated in Section 3.2.4.2. 

A procedure for incremental crack propagation was developed along the lines of similar 

studies in the literature [Newman & Armen, 1975; McClung & Sehitoglu, 1989]. Pairs of 

opposite nodes along the crack line were initially connected by two (very short) linear spring 

elements. The first spring element had no stiflhess in compression but was very stiff in 

tension. The second spring element was very stiff in compression, but had no stiffness in 

tension. Crack propagation was simulated by removing the tension spring element at the 

crack tip node at maximum load. This allowed the crack to grow one element dimension as 

the original crack tip nodes were no longer constrained in tension. This process is illustrated 

schematically in Figure 3.3. The compression springs only acted normal to the crack faces, 

hence, in common with previous FE analyses of crack closure (e.g. McClung & Sehitoglu, 

[1989]), friction effects during contact of the crack surfaces were not considered here. 

Closure of the crack was determined by monitoring the forces in the compression spring 

elements behind the tip, in conjunction with the specimen compliance (i.e. plotting the 

normalised applied stress intensity factor, versus displacement, 5, or strain) at various 

locations analogous to the clip/strain gauges used in experimental closure determination, i.e. 

at the crack mouth, just behind the crack tip, and on the back face of the specimen. The 

offset compliance method was used to aid closure determination, i.e. a line fit was made to 

the upper linear part of the compliance curve which was then subtracted from the observed 

compliance for the entire load cycle (mathematically, if rriopen is the gradient of that section of 

the compliance curve for which the crack is open, then = 5 - /Mopgn A/TiTmar)- The 
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sensitivity of this method depends on the number of decrements in the unloading cycle. 

Typically, the specimen was unloaded by decrements of one tenth of the applied load, until 

closure was considered imminent (based on preliminary model runs). Further unloading was 

then performed using decrements of 0.025 to 0.01 of the applied load. 

3.2.4 Verification of model behaviour 

To establish confidence in the model results, verification of the model behaviour was 

undertaken. In particular, the ability of the model to accommodate plane strain plastic 

deformations, and the response of the model to variations in formulation was investigated. 

The primary model output which was used as an indicator of model behaviour was the crack 

face displacements. These are clearly critical to the predicted closure levels, and are an 

immediate measure of the response of the model to variations in formulation. 

A factor which has arisen in the literature concerning the modelling of plane strain PICC is 

the accurate modelling of plane strain plastic deformations [McClung gf a/, 1991] (see 

Section 3.3.1). Nagtegaal [1974] showed that standard first-order isoparametric elements can 

often produce inaccurate solutions for elastic-plastic material behaviour, under plane strain 

conditions. Briefly, in a regular mesh of 4-noded rectangular parametric elements, the 

displacement increments, z'(, are of the form, 

^ + 6% + cy 4- A&y, (3.2) 

>'J 
where x and}' are Cartesian co-ordinates and 6, etc. are vectors expressed in terms of the 

nodal co-ordinates and velocities. Plastic (i.e. incompressible) deformation under plane strain 

requires, 

+ + ^ = 0 (3.3) 
cy 

where and e are the strain increments in the x and)/ directions. This requires, 

f/= 0, b + c = 0. 

Hence, and e are forced to be constant throughout all elements of the mesh. Clearly 

this is not a realistic constraint. However, modifications to the FE formulation can be 

implemented to eliminate the artificial constraint on the elements, and allow numerically 

accurate solutions. In ABAQUS, this is achieved through the selectively reduced-integration 

technique, whereby reduced integration is used for volumetric strain, and full integration for 

the deviatoric strain. 
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Over-constraint of ± e elements, in the manner described, manifests itself in the failure of the 

FE model to exhibit a limit load during fully plastic deformation of a perfectly plastic 

material. Hence, the prediction of the correct limit load can be used as a verification of tlie 

elements ability to correctly represent plastic plane strain deformation. For the CCP 

specimen, as used in the analyses, the limit load is given as twice the yield stress in shear on 

the net section (i.e. the uncracked ligament) [e.g. see Anderson, 1995]. In Figure 3.4, the 

load-deflection curve predicted by the FE solution, for identical model geometry, boundary 

conditions, and FE formulation as used in the closure analyses, and with elastic-perfectly 

plastic material behaviour, is shown in comparison to the analytically predicted limit load, 

where is the displacement of the point at which the load is applied. The ability of 

the selectively reduced-integration elements to model the incompressible material behaviour 

is clearly verified. 

j. 2. 2 q / f z z g 

Inadequate mesh density in the crack tip region was shown by McClung & Sehitoglu [1988] 

to lead to spuriously high closure levels, particularly due to the inability of the model to 

capture reverse crack tip plastic deformation. This led to the formulation of a crack tip 

element size criterion, which has been adopted in this work, as discussed in section 3.2.3. 

However, in order to veri^ that this criterion is adequate for the present model, a set of 

simple test analyses were performed. Firstly, the analysis was run using the mesh of the 

undeflected crack (with a ratio of crack tip plastic zone, f,,, to element size, of 15), and the 

crack face displacements were recorded at 0 5 and .Kmm (= 0). The analysis was 

then repeated, for twice the crack tip mesh density (/}/Le = 30). From the results shown in 

Figure 3.5, it can be seen that the two analyses give very similar crack opening 

displacements. The only region where the mesh density appears to have any significant 

effect is for the element immediately behind the crack tip. This mesh dependent behaviour of 

the near-tip elements is discussed in more detail in section 3.3.1. 

j. 2. q / " g / e / M g n f 

In the formulation of the model, 'fictitious' spring elements were used to enforce the 

changing boundary conditions along the line of the crack. The stiffness of these spring 

elements was set to an arbitrarily high value. However, it is necessary to check that the 

response of the model is not unduly influenced by changes in the spring element formulation. 

This is illustrated in Figure 3.6, by means of crack opening displacements, for the standard 

spring stiffness value of 7.4 x 10̂  N m"\ and for a spring stiffness of two orders of magnitude 

more and less. It can be seen that the lower spring stiffness does not adequately enforce the 
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boundary conditions, and that large positive displacements exist at and ahead of the nominal 

crack tip. There is no change in behaviour on increasing the spring stiGhess &om the 

standard value, indicating that the standard value is indeed sufficient. 

.).2. v. fAg cAo/cg rw/e 

As previously detailed, a kinematic hardening model was selected to give the best 

approximation to the crack tip strain hardening behaviour. However, strain hardening efkcts 

are not considered to be a primary factor in crack closure, and the behaviour of the model 

should not be strongly dependent upon the choice of hardening rule. Verification of this is 

shown in Figure 3.7, which shows the crack opening displacement for analyses using 

kinematic and isotropic hardening, and an analysis using elastic-perfectly plastic material 

behaviour. It can be seen that the differences in the behaviour is very slight, indicating that 

the choice of hardening model is not a critical factor. 

J q/nocfg /-e/eoje 

In the present analysis the point of node release, corresponding to crack propagation, is timed 

to occur at maximum load. Some variation in closure behaviour has been noted in the 

literature however [e.g. McClung & Sehitoglu, 1989], when the crack tip node has been 

released at other points of the load cycle. It has been argued [e.g. Ashbaugh er a/, 1997] that 

node release at maximum load is more appropriate, as an approximation to 'real' fatigue 

crack growth behaviour. However, it must be recognised that the FE model in no way 

replicates the real crack growth mechanisms (the increment of crack growth per cycle in the 

near-threshold region is of the order of 10'̂  - 10"® mm/cycle, compared to the increments of 

10 " mm/cycle used in the FE model), and is better thought of merely as a means of 

translating the zone of crack tip plastic deformation with the crack tip. With this in mind, it is 

hoped that the point in the load cycle at which the node is released should not have a large 

influence on the subsequent behaviour. In order to investigate any effects of the nodal release 

point in the present analysis, separate models were run with nodal release occurring at 

maximum load (scheme A), at minimum load (B), during the loading step (C), and during the 

unloading step (D). The subsequent crack profiles are shown in Figure 3.8. Upon first 

inspection, the predicted crack opening for schemes A and C seem quite different to schemes 

B and D. This may be explained by considering that at maximum load, schemes B and D are 

effectively one propagation step behind schemes A and C. During the next load step, the 

crack profile in schemes B and D will be similar to those of scheme A and C, as indicated by 

the arrows. That is, unlike the work of McClung & Sehitoglu [1989], no dependence on 

nodal release point is found. This may be due to the different definitions of crack closure 

used in the present analysis and that of McClung & Sehitoglu [1989] (see Section 3.3.1). 
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j. 2. q/" ZMcremgMr ^/zg 

In the analysis, the minimum number of increments used in solving any step of the analysis 

(i.e. loading, debonding and unloading) was set to 10. Given that the problem is inherently 

non-linear (due to material behaviour and crack face contact considerations), this incremental 

approach is necessary to be able to accurately solve each step. It is important therefore to 

verify that the solution is independent of the number of increments used. In Figure 3.9 the 

crack face displacements are shown for analyses using 5, 10 and 20 increments per step. It 

can be seen that there is only a very slight increase in predicted crack opening when the 

number of increments is increased. As such, the chosen minimum number of increments was 

considered to be sufficient. 
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3.3 Results and discussion 

3.3.1 Straight cracks 

In Figure 3.10 the response of the spring elements behind the crack tip and the associated 

offset compliance plots are shown for an undetected crack grown under constant applied 

stress by 100 pm, equivalent to five maximum plastic zone diameters, for plane strain 

conditions. From Figure 3.10(a) it can be seen that the first spring element behind the crack 

tip goes into compression (i.e. the crack tip is closed at that point) at 0.25 of the maximum 

applied stress intensity factor, Compression of spring elements further behind the crack 

tip does not occur until significantly later in the unloading process = 0.07), when the 

crack becomes closed a short distance (5 to 20 |im) ahead of the pre-crack tip, whilst 

remaining open closer to the propagated crack tip (see Figure 3.11). By considering Figure 

3.10(b), it is evident that closure at the first node behind the crack tip does not affect the 

overall specimen compliance. However a deviation in this plot occurs at .K/Kmoi = 0.07, 

coinciding with the contact further behind the crack tip. It should be noted that the particular 

behaviour of the first element behind the tip was eliminated by cycling the crack on reaching 

the final crack length between maximum and minimum load, without any crack propagation. 

This cycling of the crack should ensure that the crack tip plasticity is dominated by the 

loading and not the crack propagation scheme used in the model. After 2 such cycles the first 

node behind the tip no longer comes into contact at all. However, the remaining contact in 

the crack wake is relatively unaffected by this procedure, as shown in Figure 3.11. 

Assessing the significance of contact at the first node behind the crack tip in relation to 

results in the literature is difficult, as many authors fail to provide detailed information on the 

manner of crack face contact in their models [Blom & Holm, 1985, Llorca & Sanchez 

Galvez, 1990, Ashbaugh e/ a/, 1997, Ritchie er a/, 1987, Lalor & Sehitoglu, 1988]. For those 

authors who have published this information, the results of Fleck & Newman [1988], Fleck 

[1986], Biner a/ [1994] and Wei & James [2000] all indicate that anomalous contact of the 

first node behind the tip occurs in plane strain models of PlCC (anomalous in the sense that 

only the near-tip element goes into compression on unloading). More physically plausible 

plane strain PICC behaviour, with nodal contact building up gradually along several nodes 

behind the crack tip during unloading, has been reported by Sehitoglu & Sun [1991] and 

McClung et al [1991] when using a specific FE code and model formulation. To the authors 

knowledge, there are no other refisrences which explicitly report such 'zipping up' behaviour 
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of crack tips due to PICC under plane strain conditions. In rationalising this, McClung et al 

[1991] note that an absence of progressive contact behind the crack tip in FE models may be 

attributable to element 'locking' problems due to the stress gradients at a plane strain crack 

tip (i.e. the inability of the FE model to correctly model the incompressible plane strain 

deformation, as discussed in Section 3.2.4.1): this cannot be considered to be the case in the 

present work however, as element locking was not detected in the analyses (attributable to the 

use of selectively reduced-integration elements). The cycling of the quasi-static crack tip 

(described above) leads to the near-tip strains being dominated by the loading and unloading 

procedure, as opposed to the crack propagation process. As such, this can be considered to 

lead to a more realistic representation of the actual fatigue crack tip strains. Given that this 

procedure eradicates the near-tip closure, the incidence of such closure can be considered to 

be an artefact of the artificial crack propagation process used, and not a true physical effect. 

The present work would therefore support the assertion of Fleck [1986, Fleck & Newman, 

1988] that very near tip closure effects in plane strain FE models of PICC may be anomalous 

and should be treated with caution. Whilst the present models remain essentially simplified 

as a representation of materials behaviour at a real crack tip, it is concluded that previous 

assertions on the incidence of PICC in plane strain from FE models should not be regarded as 

proof of its occurrence. 

3.3.2 Deflected cracks 

The effect of periodic crack deflection on under plane strain loading at = 4.6 

MPaVm can be seen from the plot of the deformed mesh of a 45° deflected crack at in 

Figure 3.12. Closure can be seen to have occurred at discrete points near the asperity tips, 

with the bulk of the crack remaining open, as noted experimentally by Walker & Beevers 

[1979]. The response of the spring elements behind the tip and the offset compliance plot is 

shown in Figure 3.13. The first spring elements that go into compression (i.e. the points of 

first contact) are those at the tips of previous crack deflections (i.e. at the asperities), which 

coincides with the onset of non-linearity in the offset compliance. As such it would appear 

that the discontinuous contact 'problem' and the above discussion on crack closure point 

definition in undeflected plane strain cracks does not influence the behaviour of the deflected 

cracks and it is therefore assumed that the deflected crack closure behaviour illustrated in 

Figure 3.12 is indeed physically realistic. Given the clear build up of crack contact with 

nonlinearity in compliance, the closure point in these models will be defined in terms in terms 

of first asperity contact. 
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From Figure 3.14, which shows the variation in closure levels due to growth along the 

deflected crack path, it is evident that the closure levels increase strongly with deflection 

angle. It appears that quasi-stabilised levels of closure are reached when the crack has 

propagated through the first two deflections. The closure levels are at a maximum 

immediately following a deflection, and then drop off steadily as the crack tip moves away 

from the point of deflection. 

An important observation from these results is the sense of the shear displacements giving 

rise to asperity contact. In particular it may be seen that the direction of the relative 

displacements of the upper and lower fracture surfaces at each asperity tip changes along the 

crack wake. At point 'A ' in Figure 3.12 the lower fracture surface is displaced away from the 

crack tip (in relation to the upper fracture surface), whilst at point 'B ' it is displaced towards 

the crack tip. It may then be seen that the shear displacements giving rise to closure along the 

crack wake cannot be 'global' displacements of the upper and lower fracture surfaces due to 

mixed mode behaviour at the active crack tip. The asperity shear displacements in Figure 

3.12 can in fact only arise from local residual strains from the crack propagation process. 

The asperity displacements and contacts observed in the present models are therefore 

somewhat different to the conventional representation of RICC (as illustrated by the Suresh 

model in Figure 3.15). The behaviour of the present models may be rationalised as follows: 

when a simple deflected crack tip is loaded as shown in Figure 3.16(a), a permanent plastic 

shear deformation is produced in the direction/sense shown. On unloading, a degree of 

reverse plasticity will occur, although a net residual deformation will remain in the direction 

of the original loading (Figure 3.16(b)). As such, the crack tip will be held in a 'compressive' 

shear (of opposite sense to the loading shear) by the surrounding elastic material when 

unloading occurs, exactly analogous to the compressive load generated by crack tip plasticity 

when a simple mode I crack is unloaded. When the crack undergoes a deflection, as shown 

in Figure 3.16(c), this residual plastic strain/compressive loading may be seen to promote 

closure on the forward edge of each asperity tip, as identified in Figure 3.12. 

To investigate the above process, various simplified models were assessed, see Figures 3.17-

3.18. Figure 3.17 illustrates the unloaded condition of a deflected crack where the crack path 

was simply 'cut' without a propagation process, with the crack then being loaded and 

unloaded once, with the resultant plastic deformation producing a degree of shear offset along 

the asperities. The shear is of identical direction for all asperities, consistent with 

deformation at the tip being the only source of shear offset, but is in fact insufficient for 

closure to occur due to the associated residual opening displacements (displacements are 
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greatly magnified in the diagram). In Figure 3.18 the crack has been propagated with loading 

and unloading only being applied at each crack turning point. For the final crack length 

shown the crack is simply loaded and unloaded elastically, i.e. no shear offset can be 

generated at the tip. Closure behaviour is seen to be closely analogous to that in Figure 3.12, 

confirming the role of residual plastic shear displacements along the crack wake in producing 

closure. It may be seen that the predominant closure process is in fact closely analogous to 

plasticity induced closure in mode I loading, although it does rely on crack path roughness to 

generate the necessary shear displacements. It is important to note that plane stress 

conditions are not particularly necessary to the asperity contact process shown in Figure 3.16 

(i.e. as seen in mode I plasticity induced closure), as the critical deformations are shear in 

nature and do not require through-thickness contraction for volume conservation. 

3.3.3 Mechanistic implications and physical interpretation 

In the previous section a new mechanism by which fatigue crack deflection in an elastic-

plastic material can lead to crack closure was outlined. In some respects this mechanism can 

be seen to be similar to that qualitatively described by Pippan et al [1994] as a potential 

origin of PICC under plane strain conditions, in which crack deflection is an essential feature 

(illustrated schematically in Figure 2.8). This mechanism was considered by Pippan ef a/ 

[ 1994] to be PICC rather than RICC given that no residual mode H offset is necessary for its 

operation, although the reliance on surface roughness makes such a distinction clearly moot. 

In Figure 3.19 experimental observations fi-om Pippan gr a/ [1994] which were performed to 

assess this mechanism are shown. These micrographs show the midsection crack profiles 

(i.e. specimen cut in half following the fatigue crack growth). It can be seen that crack 

closure has occurred at the tips of the asperities, with 'cavities' present indicating that plastic 

flow of the asperity material has occurred. Whilst the present models identify the particular 

role of shear strains in generating asperity contact, it may be seen that the underlying theme 

of residual plastic strains giving rise to asperity contact is closely consistent with the 

qualitative observations of Pippan g/crZ [1994]. 

The present proposed mechanism can be considered in relation to the mechanism by which 

RJCC has conventionally been considered to occur. As has been discussed, the conventional 

mechanism of RICC relies on a global residual mode II offset of the fracture surfaces to 

produce crack closure. However the origin and importance of this global mode II 

displacement requires some consideration. The origin of the offset is generally attributed to 

the mode II component of irreversible deformation occurring at the crack tip (illustrated 

schematically in Figure 3.20) [e.g. Minakawa & McEvily, 1981, Ravichandran, 1990]. If this 
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is the case, ± e local displacements giving rise to ± e global mode 11 displacement can be 

expected to be of ± e order of the crack tip opening distance. The distance over which this 

mode n displacement will have a significant effect on the displacements of the surrounding 

material can therefore be expected to be of the same order of magnitude as the displacement 

itself. Any mode 11 displacement originating A-om irreversible deformation ahead of the 

crack tip can be expected to have a relatively local effect, i.e. significantly smaller than 

typical asperity sizes thought to give rise to RICC. This point is particularly illustrated by the 

model in Figure 3.17. Under the mechanism of RICC proposed here, mode II displacements 

exist in the crack wake due to the propagation of the crack through material which has 

undergone previous plastic deformation. As such the important mode II displacements 

specifically exist at the crack wake asperities, and do not require the 'translation' of small tip 

displacements over large distances into what is a predominantly elastically deforming body 

(i.e. under the near-threshold LEFM conditions of interest here). 

Problems associated with generating global mode 11 displacements from crack tip 

displacements in real 3 dimensional crack fronts are illustrated in Figure 3.21. As shown, the 

angle of crack deflection in a real sample will vary through the thickness, with deflections 

occurring above and below the nominal mode I growth plane. As such, whilst the section of 

the crack labelled A in Figure 3.21 may favour a global mode n displacement of one sense, 

the neighbouring section labelled B will lead to a mode II displacement of the opposite sense. 

As such, the ability of crack tip displacements to produce global offsets at significant 

distances into the crack wake may be seen to be distinctly constrained. 

Experimental evidence has been offered in support of the conventional mechanism of RICC, 

generally in the form of images of specimen surfaces where fracture surface contact can be 

seen to have occurred as an apparent result of a global shear offset, e.g. see Figure 3.22. 

However, these surface representations do not necessarily correspond with the fracture 

surface displacements in the centre of the specimen. Firstly, in the plane stress region of the 

crack (i.e. at the specimen surface), the crack is relatively unconstrained and is often 

deflected in the loading direction (i.e. shear lip formation, see Figure 3.23(a)). Furthermore, 

there is often a bowing of the crack front in this region, as shown in Figure 3.23(b). These 

two factors combine to produce distinct local mode II/III displacements in the surface region 

that may lead to the apparent mismatch of fracture surface asperities. These factors will not 

be significant for the internal plane strain regions. As such, the existence of a global fracture 

surface offset at the specimen surface does not necessarily imply the same offset behaviour in 

the centre of the specimen. 
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It is interesting to consider the conventional mechanism of RICC in terms of the results of 

Fitzpatrick et al [1996] which show the absence of RICC during deflected fatigue crack 

growth in PMMA, but significant levels of closure due to deflected crack growth in 

aluminium alloy 2014-T6. In the PMMA sample the loading conditions are such that plastic 

deformation does not occur, however the possibility for crack face contact via a shear 

induced global fracture surface offset is present. In the aluminium alloy sample plastic 

deformation of crack tip material during fatigue crack growth does occur, and is considered 

by the authors to be the source of crack closure. The authors use these results to support their 

own contention that a global displacement of the fracture surfaces (induced by mode II 

displacements at the crack tip) cannot alone lead to RICC, in keeping with the present 

analyses. 

The manner in which closure occurs in the present FE models is somewhat different from the 

results of a similar study of RICC by Llorca [1992]. However, it should be noted that the 

present work does not require the explanation of crack closure put forward by Llorca, 

whereby a change in the mode mixity from the loading cycle to the unloading cycle arises 

due to the intervening propagation of the crack, leading to a residual displacement of the 

crack flanks. This explanation is questionable to some extent, given that in a real near-

threshold fatigue crack the increment of crack growth is very small in relation to typical crack 

deflection distances, and hence the change in mixity during any load/unload cycle may be 

expected to be negligible. 

3.3.4 Quantitative assessment of closure predictions 

The dependence on deflection angle of the closure levels may be compared to the simple 

analytical model of RICC of Suresh & Ritchie [1982] described in Section 2.3.2, for various 

values of %, as shown in Figure 3.24 with the FE results being represented by the minimum, 

maximum, and mean quasi-stabilised closure levels. It can be seen that there is no single 

value of % which accurately reflects the dependence on the deflection angle of the present 

results. However, given that the mechanism by which closure is occurring is governed by 

shear deformation (independent of whether or not one considers the conventional 'global 

shear' mechanism or the present 'residual shear' mechanism), the value of % would itself be 

expected to be dependent on the crack deflection angle; i.e. the extent of any shear 

displacements will be dependent on the mode II stress intensity factors at the crack tip, 

which, under far-field mode I loading, will increase with increasing deflection angle. Values 

of X have been evaluated from the FE results, and are shown in Table 1. The data presented 
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are for the first asperity behind the tip, at which closure occurs first and which can be 

expected to be the most important asperity in controlling the closure process. It can be seen 

that the actual values of % are close to those required to produce comparable closure levels 

from the Suresh and Ritchie model, and approach the % value of 0.3 suggested by Suresh and 

Ritchie for crack growth in high strength A1 alloy plate. 

In terms of the physical relevance of the present models, it is of course difficult to compare 

the results to experimental data in the literature given the considerable variability that exists 

in closure measurement [Phillips, 1989, 1993], and the relatively idealised crack morphology 

used here. In terms of effecting a comparison, Al-Li alloys are of some interest. In the 

unrecrystallised plate form, these alloys exhibit strong textures arising from the processing 

route [Barlat gf a/, 1994], i.e. the crystallographic axes of the grains are grouped closely 

about certain preferred directions. In Al-Li plate at the mid thickness this is generally a 

{110}<112> brass type texture, i.e. the rolling plane parallel to a {110} plane, and the rolling 

direction parallel to a <112> direction. This results in highly anisotropic mechanical 

properties in the material. The intensity of this texture varies through the plate thickness 

leading to significant variations in the through-thickness properties. The anisotropy of these 

Al-Li alloys is further enhanced by mechanical fibering, with unrecrystallised microstructures 

consisting of coarse pancake shape grains with typical grain dimensions being an order of 

magnitude greater in the L direction than the S direction. Importantly, these alloys also 

exhibit a propensity for strain localisation which may promote strong stage I cracking at 

loading levels well above the crack growth threshold [Sinclair & Gregson, 1994]. The 

fatigue crack propagation behaviour of these materials is found to be strongly influenced by 

the orientation of the nominal mode I crack growth plane and direction relative to these slip 

planes, the grain boundaries and the material texture [Sinclair & Gregson, 1994]. In strongly 

textured wrought material fatigue crack growth may lead to exceptionally regular crack 

development e.g. see Figure 3.25, corresponding to crack growth in commercial AA8090 

plate [Liu er aZ, 1998]. Work by Liu ef aZ [1998] on TL orientation tests in brass textured 

plate has shown deflection angles to be close to 60° (due to the preferred (111} plane 

orientations), with corresponding near-threshold closure levels being measured as -0.7, 

consistent with similar data in the literature [Venkateswara Rao & Ritchie, 1992]. As such, 

the Kci predictions of the present FE models may be seen to be relatively low (by 

approximately 35%, based on peak values in Figure 3.14), although it is important to 

recognise that: (I) there is still a significant degree of crack path irregularity in Figure 3.25, 

(2) the effects of through-thickness crack deflection are not addressed in this 2 dimensional 

model, (3) the present models do not include environmental contributions to crack tip 
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irreversibility, and (4) the results in Figure 3.14 assume a simple homogeneous plastic 

deformation mode which clearly differs from the intrinsically heterogeneous slip band 

behaviour giving rise to the observed crack paths. 
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3.4 Additional mechanistic assessment 

3.4.1 Effect of slip heterogeneity on RICC 

In planar slip materials, plastic deformation can be highly localised to bands of intense shear 

ahead of the crack tip [Brechet e/ a/, 1987]. Such behaviour is known to favour extensive 

stage I type crack growth, as noted in relation to Al-Li alloys in the previous section. The 

incidence of slip band formation and associated crack growth is very clearly illustrated in 

Figure 3.26 for aNi-based superalloy [Reed, 1999]. The marked shear strain concentration 

of the slip bands may be seen in the offsets in the etched y' (NiaAl) precipitates along the 

individual slip bands. Given the importance of shear strains in RICC, such behaviour may be 

of some relevance to the closure process. 

As a relatively simple simulation of the presence of slip heterogeneity associated with planar 

slip bands ahead of a crack tip, the properties of the tension spring elements ahead of the 

propagating crack tip in the present models were modified to restrain the nodes normal to the 

line of the crack only, i.e. shear displacement of the nodes could then occur. To restrain the 

nodes in shear, additional rigid-perfectly plastic truss elements were inserted. By controlling 

the yield stress of these truss elements, the effective critical resolved shear stress 

along the crack propagation direction was varied. The of the slip band plane of area 

was represented by «truss elements of cross sectional area Hence an area of 

was associated with each truss element. was set to be equal to thus the 

yield stress of the truss element was set equal to the of the plane. To simulate a local 

strain softening of the material in the slip band (i.e. representing the precipitate shearing 

process), the yield stress of the truss element was set to 1% where A is a constant specifying 

the relative strength of the slip band and bulk material (i.e. A, < 1, for slip band softening) and 

To is the bulk CRSS. The construction of the slip band model is illustrated in Figure 3.27. It 

should be noted that in this model the geometry of the slip band is defined by the geometry of 

the predefined crack path (i.e. secondary slip bands are not included), and the single band that 

extends ahead of the crack tip at any point is constrained to the distance to the next (pre-

determined) deflection point. 

The influence of such simulated slip bands ahead of the crack tip is shown in Figure 3.28, for 

a 60° deflected crack after the onset of closure, with the constant A, set to VS, i.e. Tg in the slip 

band is half that of the bulk material. It can be seen that ahead of the crack tip a significant 
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residual shear offset has developed (c.f. Figure 3.26). The effect that this offset has on the 

closure levels can be seen by comparison of the predictions of the slip band model to those of 

the standard models, as shown in Figure 3.29. For the 30° deflected crack the effect of the 

simulated slip band is fairly small, leading to an 18 % increase in the maximum closure 

stress. With increasing angle the efkct becomes more significant leading to a 40 % increase 

in closure levels for the 60° deflected crack. In all cases the closure levels return to those of 

the standard model immediately prior to a deflection. This is due to the active slip band 

effectively ending at the next deflection point, therefore as the crack approaches the next 

deflection point the slip band effect is essentially removed by the surrounding constraint. 

Whilst this represents a quite simple approximation to the presence of a strain softened slip 

band ahead of a crack tip, it may be seen that there is an increase in closure levels to values 

which are more consistent with those determined experimentally. 

Assessment was also carried out of the dependence of the closure behaviour on the relative 

strength of the slip band. The analysis was performed for the 45° deflected crack with values 

of A ranging from 1 (i.e. the band is effectively as strong as the bulk material) to 0.01 (i.e. the 

yield stress in the band is Just I % of that of the bulk material). The results are shown in 

Figure 3.30 in terms of the mean closure stress intensity factor. It is clear that as the relative 

strength of the band diminishes there is an increase in the observed closure levels resulting 

from greater shear offset at the tip. It is important to note that the strain fields associated with 

a slip band will not be a simple function of the relative yield stress of the slip band and bulk 

material, but rather are a the result of a complex interaction between precipitate shear and 

substructure development. The present A parameter should be seen as an indicator of strain 

localisation and not as a full physical description of the process. 

3.4.2 Asperity size effects 

In the results presented in previous sections, the length of the deflected sections of the crack 

(i.e. the asperity size) and the applied load have been kept constant. Various authors have 

related apparent closure behaviour in real materials to the scale of fracture surface asperities 

(e.g. the direct correlation between the standard deviation of asperity height and the closure 

level, proposed by Wasen gf a/ [1988], see Section 2.3.2). The potential effects of a variation 

in the size of asperity have therefore been directly investigated in a series of FE models. The 

deflection lengths and loading levels used are detailed in Table 2. All analyses were 

performed using a crack deflection angle of 45°, with .R = 0. In Figure 3.31 the predicted 

closure levels from these models, in terms of maximum, minimum and mean values, are 
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plotted against normalised deflection lengths, L/rp. It can particularly be seen that for small 

relative asperity sizes, the closure levels are low, with little difference between the minimum 

and maximum values (i.e. the peak/trough behaviour exhibited in Figure 3.14 does not 

occur). As the relative size of the asperities increases, there is an increase in the closure 

levels, up to a deflection length of approximately 1.5 after which the closure levels reach a 

plateau. This result is consistent with the proposed crack closure mechanism, detailed in 

section 3.3.2. That is, the extent of the residual asperity deformation, and hence the level of 

crack closure, is governed by the local shear loading near the points of the crack deflections, 

and as such is not a strong function of asperity size, (but is a strong function of deflection 

angle, as previously noted). However, for small values of L/rp, a decrease in the closure 

levels is observed. Such behaviour would be consistent with the RJCC effects disappearing 

as the fracture surface tends to an undetected form as asperities become vanishingly small. 

Physical interpretation of how closure levels vary when the active crack tip is within the 

crack tip plastic zone of a prior asperity turning point (i.e. what tends to dominate as L 

becomes smaller than Vp) is addressed in the following chapter. 

It is interesting to consider the present closure results in relation to experimental closure 

results obtained by Xu gf aZ [2000a], for fatigue crack growth in aluminium alloy 2024-T351, 

and an advanced variant 2024A-T351. The observed closure in this study was principally 

attributed to RICC. The measured closure levels for the two materials are shovm in Figure 

3.32. Fractographic studies revealed that the larger grained 2024A exhibited considerably 

larger fracture surface asperities than the 2024. The fact that tlireshold closure values 

converge whilst facet size was larger in the 2024A is clearly consistent with the results in 

Figure 3.31 as ZAp values become large at threshold for both materials. It is difficult to 

quantitatively interpret the results in Figure 3.32 for higher AK levels, as the extent of 

facetting drops off more rapidly in the 2024 with increasing AK compared to the 2024A, 

(both are fully facetted at threshold, however). 

3.4.3 Variable crack geometry effects 

The stereology of realistically representing crack paths in conventional commercial materials 

is clearly an extensive area of investigation in itself. Whilst a thorough assessment of all 

possible geometrical parameters is beyond the scope of this thesis, first order investigation of 

deflection angle and facet size is clearly valuable, particularly in relation to the assertion of 

Llorca [1992] that variable crack deflection angles along the crack path may lead to greatly 

increased levels of crack closure. 
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All of the models discussed so far have utilised constant deflection angles and lengths along 

the crack path. However, real crack paths do of course exhibit a range of crack deflection 

angles, and the possibility that increased crack closure levels may arise from such varying 

crack deflection angles has been suggested [Llorca, 1992]. To investigate such effects , an 

FE model was constructed for a crack undergoing variable angle crack deflections. The crack 

path used in this analysis is illustrated schematically in Figure 3.33, and undergoes successive 

deflections through angles of 45°, 45°, 45°, 30°, 60° and 45°. The resulting closure levels 

which are produced are shown in Figure 3.34 with the closure levels of the constant 

deflection angle cracks plotted for comparison. On undergoing the initial 45° deflections, the 

closure levels in the variable angle case are (obviously) the same as for the constant 45° case, 

(the slight differences are due to differences in the mesh design and the number of 

decrements used in the unloading cycle, affecting the sensitivity of the closure detection 

process). On undergoing the following 30° deflection, the closure level in the variable angle 

case lies between the constant 30° and 45° cases (i.e. the previous two deflections). On 

undergoing the 60° deflection, the closure level in the variable angle case lies between the 

constant 30° and 60° cases. Finally, on undergoing the 45° deflection, the closure level lies 

between the constant 45° and 60° cases. It is apparent therefore that varying the crack 

deflection angle does not lead to unduly increased crack closure levels (i.e. crack closure 

levels are representative of closure behaviour of the recent deflection angles for constant 

deflection angle models). The particular behaviour of the crack can be explained as follows: 

when the crack is growing along a deflected path, the crack opening along that section of the 

crack is a function of the current local mixity , and hence a function of the current crack 

deflection angle. However, the residual deformation of the asperity in the wake is governed 

by the local mixity /pz-zor to the deflection, and as such is a function of the crack 

deflection angle. Hence, it can be seen that it is the two crack deflection angles nearest to the 

crack tip which determine the crack closure level. 

An FE model was constructed for a crack undergoing variable length crack deflections: 

specifically, the crack path used is illustrated schematically in Figure 3.35, and undergoes 

successive deflections of lengths 10, 30, 10, 10, 30 and 10 |im, through a constant angle of 

45°. The resulting closure levels which are produced are shown in Figure 3.36 with the 

closure levels of the constant deflection length crack plotted for comparison. The closure 

level of the variable length crack can be seen to be close to that of the constant length crack 

for the entire length of the crack modelled. As such, the primary conclusion that can be 

drawn, is that variations in crack deflection lengths along the crack path seem to have no 
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significant effect on RJCC levels. It is interesting to note that the position at which crack face 

contact first occurs is not always at the first deflection behind the crack tip, as is the case in 

the constant deflection length crack. For instance, whilst the crack is growing along the 

second of the long (30 |_im) deflected sections, closure occurs first at the point marked C in 

Figure 3.35, i.e. three deflections behind the crack tip. Hence it appears that the size of the 

asperity does influence the locations at which closure occurs. The present single model 

cannot of course be used to identify a comprehensive understanding of variable length 

effects. Such an assessment, however, may make reference to the behaviour in Figure 3.31, 

where growth along the small deflections between points C and D in Figure 3.35 is 

dominated by the prior 30 jim long facet where L/rp ~ 1.5, whilst the two 10 ).im facets have 

- 0.5. 
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3.5 Summary and conclusions 

In this chapter, details of various FE models which have been constructed to investigate the 

closure behaviour of deflected fatigue cracks under constant amplitude cyclic loading, are 

presented. In particular; 

• Specific issues in the design and implementation of the models have been addressed, and 

verification of critical aspects of model behaviour has been presented. 

9 The potentially anomalous near-tip behaviour of plane strain FE models of propagating 

fatigue cracks has been identified. This has lead to a closure definition based on an 

overall analysis of specimen compliance and crack face contact, excluding the node 

immediately behind the crack tip. 

• Analyses of deflected cracks show an increasing effect of crack path angle on roughness 

induced closure levels in keeping with the simple analytical model of Suresh & Ritchie 

[1982]. 

" Importantly, the mechanism by which closure occurs has been shown to be more strongly 

dependent on residual plastic strains in the wake than global shear displacements of the 

fracture surfaces due to the mixed-mode behaviour at the crack tip. 

• The absolute values of the closure levels have been found to be relatively low compared 

to experimental data, which may be attributed to an absence of environmental 

irreversibility in the finite element models and the simple two dimensional crack path 

morphologies that were studied. However, slip band simulations show a significant 

increasing effect of inhomogeneous deformation on closure levels, improving the 

apparent accuracy of the modelling results. 

» A non-linear, plateauing influence of increasing asperity size on closure behaviour has 

been identified and correlated with experimental data from the literature. First order 

investigation of variable two dimensional crack geometries has been carried out, 

highlighting behaviour that is essentially consistent with the regular crack deflection 

models. 
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Deflection angle, degrees % at Hrst asperity % required to fit Suresh model 

30 0.047 0.0225-0.0335 

45 0.055 0.0365-0.0885 

60 0.27 0.0675-0.170 

Table 1. Values of % evaluated from the finite element results. 

Deflection length, L, jira MPaVm /-p, nm L/ VP 

5 5.7 25.0 0.20 

5 4.4 15.0 0.33 

5 3.6 10.0 0.50 

20 5.7 25.0 0.80 

20 4.4 15.0 1.3 

20 3.6 10.0 2.0 

100 5.7 25.0 4.0 

100 4.6 16.6 6.0 

Table 2. Values of deflection lengths and loading levels used in the analysis of the effect of 

variable asperity size. Plastic zone sizes calculated from the Irwin approximation. 
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Crack tip 

Figure 3.1. Illustration of the definitions of crack deflection angle 0, and deflection length L. 
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Figure 3.2. Typical mesh used to model deflected fatigue crack growth. Example shows a 

45° deflected crack in a standard CCP specimen. 
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Initial position of crack tip 

Crack is loaded to 

Crack tip tensile spring 
is removed and crack 
grows 1 element 
dimension 

Crack is unloaded. 
Compressive spring 
elements prevent 
interpenetration of the 
crack faces. 

Figure 3.3. Schematic illustration of crack propagation process. 

Theoretical limit bad 

Figure 3.4. Limit load prediction of the finite element model, verifying the ability of the 

model to accurately represent incompressible deformations. 
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Figure 3.5. Crack opening as a function of mesh density. 
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Figure 3.6. Crack opening as a function of spring stiffness. A:. 
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G— Isotropic hardening 
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Figure 3.7. Crack opening as a function of hardening rule. 
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Figure 3.8. Crack opening as a function of the point of node release. 
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Figure 3.9. Crack opening as a function of the loading increment size. 
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Figure 3.10(a). Response of the spring elements behind the crack tip for an undeflected crack 

in plane strain. 

0.000 

-0.002 

-0.004 

-0.006 

T V V ^ V 

- # — Crack Mouth Gauge 

- c — Behind Tip Gauge 

-V— Back Face G a u g e 

Plane strain 
=4 .63MPam 1/2 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 

XXR: . 

Figure 3.10(b). Offset compliance plot for an undeflected crack in plane strain. 
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0.06 
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o.nio 
—o—' Crack profile after propagation 
--0— Crack profile after propagation and cycling 

c 
=L ' 

0.02 
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0.00 
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Distance behind the crack tip, M-ni 

Figure 3.11. Crack profile at X = Kd = 0.07 K^ax, for a propagated crack, and for a 

propagated crack with two load/unload cycles applied on reaching the final crack length. 

Inset shows near tip behaviour. 

Crack is closed Crack tip 

Figure 3.12. Plot of the deformed mesh of a 45° deflected crack a.tK = K^, exhibiting closure 

near the tips of the asperities. Displacement magnification x5. 
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Figure 3.13(a). Response of the compression spring elements behind the crack tip for a 45"̂  

deflected crack. 
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Figure 3.13(b). Offset compliance plot for a 45° deflected crack. 
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— 0 ° Deflection 
— 3 0 ° Deflection 

—«— 45° Deflection 
— 6 0 ° Deflection 

^ 0.3 -

40 60 

Crack length, 

Figure 3.14. Variation of the normalised closure stress intensity factor with crack length for 

different crack geometries. 

Roughness Induced 
Crack Closure 

Upper fracture surface 
at maximum load 

Upper fracture surface 
at closure point 

Figure 3.15. Detail of the geometrical model of roughness induced crack closure of Suresh & 

Ritchie [1982]. 
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Local shear 
loading due to 
remote tensile \ 
load / 

Forward shear 
plastic deformation 

/ V 
Limited reverse shear 
plastic deformation Net asperit)' offset due to 

residual plastic deformation 
^ and elastic constraint 

\ 

Net asperit)' offset due to 
residual plastic deformation 

^ and elastic constraint 

Local shear 
loading due to ^ 
elastic constraint 

\ 

/ A 
Subsequent crack 
extension 

(a) Loaded (b) Unloaded (c) Propagation 

Figure 3.16. Mechanism of crack closure due to residual shear deformation in the crack 

wake. 

Figure 3.17. Residual deformation of a deflected crack loaded and unloaded once. 

Displacement Magnification x5. 
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Figure 3.18. Residual deformation of a crack loaded and unloaded at the turning points. 

Final loading and unloading performed elastically. Displacement Magnification x5. 

pre crack 

20 

fatigue crack 
C 

7 5 M P a y m R = 0 

Figure 3.19. Micrograph showing the mid-thickness of a specimen of fatigue cracked SAE 

4340 steel. 
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inc rement ol crack 
g r o w t h a long slip b a n d 

At crack propagation has 
occurred in the slip band ahead of 
the crack tip, by a mixture of mode I 
and mode II opening. Irreversible 
deformation in the slip band leads to 
an offset of the &acture surfaces. 

At ATr/: the fracture surfaces no 
longer match, and the crack is 
wedged open, reducing the crack tip 
stress intensity factor range. 

Figure 3.20. The perceived origin of the global shear offset in the conventional mechanism 

of RICC, fi-om Ravichandran [1990]. 

Figure 3.21. Schematic illustration of varying deflections above and below the mode I 

growth plane in a three dimensional crack front. Points A and B are referred to in the text. 
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Figure 3.22. Micrograph showing wedging of fracture surface asperities, obtained from the 

surface of a specimen of 2090-T81 aluminium alloy, from Venkateswara Rao & Ritchie 

[1991]. 
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Deflection of the 

crack surface in the 

loading direction 

Bowing of the crack 

front in the plane 

stress region 

Figure 3.23. Schematic illustration of (a) near surface crack deflection in the loading 

direction (shear lip), and (b) bowing of the crack front, which is commonly observed near 

the specimen surfaces. 
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• Mean (FE results) Suresh and Ritchie model 
• v Minimum (FE results) 
• • • Maximum (FE results) 

% =0.2 

^ = 0.1 
X = 0 . 0 6 

% = & 0 3 

15 30 45 60 

Deflection angle, degrees 

Figure 3.24. Comparison of the present finite element results to the analytical model of 

Suresh & Ritchie [1982]. 
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V : l i - -

Figure 3.25. Fatigue crack deflection arising from strong crystallographic texture levels in 

8090 Al-Li alloy tested in the LT orientation. (Arrow indicates crack growth direction). 

% 

m 

Figure 3.26. Slip band crack growth in a nickel single crystal showing marked shear strain 

localisation in bands ahead of the propagating crack tip. 
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Crack faces 

Truss element 
used to control 
CRSS of slip band 

Slip band plane 

CRSS =1: 
Crack path 

Active slip 
band length 

Figure 3.27. Schematic diagram showing the simulation of a slip band ahead of a crack. 

Crack tip 

Crack is closed 

Shear offset ahead 
of fatigue crack tip 

Figure 3.28. Plot of the deformed mesh for a 60° deflected crack with a slip band ahead of the 

crack tip enhancing the shear offset of the fracture surfaces. Displacement magnification 

x5. 
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^ 0.3 
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Standard model 

Slip band model 

Crack length, 

Figure 3.29. Effect of slip localisation on the closure level for deflected crack geometries. 
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Figure 3.30. Effect of the ratio of slip band yield stress to bulk material yield stress in the 

mean closure level for a 45° deflected crack. 
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Figure 3.31. Effect of variable relative asperity size. 
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Figure 3.32. Experimental closure data for two 2024-type alloys, replotted from Xu ef a/ 

[2000]. 
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Direction of crack ^owth 

Figure 3.33. Schematic illustration of variable deflection angle crack path. 

[.gcccccD 

J 30 Variable angle 
— Constant angle 

60 80 

Crack length, p,m 

Figure 3.34. Effect of variable deflection angle, with constant angle results plotted for 

comparison. Arrows at the top of the figure indicate the deflection angle at each 

deflection for the variable angle model. 
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Figure 3.35. Schematic iMustration of variable deflection length crack path. 
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Figure 3.36. Effect of variable deflection length, with constant length result plotted for 

comparison. Position of initial crack face contact is indicated at the top of the figure, with 

reference to Figure 3.35. 
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4 Analytical modelling of RICC 

In the previous chapter a mechanism by which crack deflection and associated residual 

plastic strains may lead to increased levels of crack closure under plane strain conditions was 

proposed through inspection of the finite element model behaviour. To provide confidence in 

the mechanism and to extend the applicability of the understanding, a simple analytical model 

has been developed using standard fracture mechanics expressions. 

4.1 Formulation of the model 

The mechanism by which crack deflection may lead to crack closure under plane strain 

conditions, as discussed in detail in Chapter 3, is illustrated in Figure 4.1. As the crack is 

loaded, a degree of shear plastic shear deformation occurs at the tip of the deflected crack 

(Figure 4.1(a)). On unloading, the elastic constraint of the surrounding material causes a 

limited degree of reverse plastic deformation. Hence a degree of residual shear exists in the 

material surrounding the crack tip (Figure 4.1(b)) analogous to the residual tensile strain that 

is identified with mode I loading under plane stress conditions. When crack deflection 

occurs, this residual shear deformation is left in the crack wake, and leads to premature crack 

face contact on the forward edge of the asperity (Figure 4.1(c)). 

The key factors which need to be addressed in producing an analytical model of this process 

may be identified as: (1) a description of the opening behaviour of the final deflected crack 

section, and (2) a description of the residual deformation of the asperity in the wake. 

4.1.1 Crack opening behaviour 

The crack opening profile of a crack of length 2a, lying in the %-z plane, parallel to the .Y-axis, 

in an infinite plate of a linear elastic material, under far-field tension a, (as shown in Figure 

4.2) can be found from the equations of the elastic stress field displacements (e.g. see [Tada 

ef a/, 1973]). Under plane strain conditions, 

(4.1) 

where Wy is the elastic displacement of the crack flank in the)/-direction at a distance % from 

the origin, .E is the elastic modulus and v is the Poisson ratio. 
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Under small-scale yielding conditions, plasticity will develop at the crack tip. As such, the 

crack will become blunted, and Equation 4.1 will cease to apply in the near-tip region. 

Consider a fatigue crack which has propagated in a steady manner: material that has 

previously undergone a residual tensile stretch normal to the crack plane will be found in the 

crack wake. Hence the opening of the crack will effectively be reduced to accommodate this 

residual stretch. However, as noted in Chapter 3, the extent of residual deformation due to 

steady-state fatigue crack growth under plane strain conditions may be relatively small, i.e. 

plane strain PICC was not found to be significant. As such, provided that the crack length is 

sufficiently large compared to the extent of crack tip plasticity, Equation 4.1 may be an 

adequate description of the crack profile of a plane strain fatigue crack in an infinite plate. 

For the purposes of the analytical model of RICC an expression for the opening behaviour of 

a deflected crack tip is required. If the assumption is made that the tensile opening of the 

final deflected section of the crack (of length a*) behaves like a small undeflected crack (also 

of length a*), with as shovm in Figure 4.3, then an approximation to 

the opening behaviour of the final deflected section of the crack is, 

Wy , (4.2) 

with the crack ooenins disolacement 5 being. 

The value of is a function of the remote applied .K/ and the deflection angle 9. If we 

make the simplifying assumption that the final deflected section of the crack can be equated 

to a kink off a straight crack, as shown in Figure 4.4, then as is small, is given by the 

equation for the stress intensity factor at the tip of a pupative kink [Bilby et al, 1977], i.e., 

(4.4) 

Hence, Equation 4.3 becomes. 

5 = — . (4.5) 

which is a description of the crack opening of the final deflected section of the crack. 

4.1.2 Residual deformation of the asperity 

The residual shear deformation described at the start of this section leads to an effective 

displacement A of the asperity, as shown in Figure 4.5. In the first instance this can be 

thought of as a residual crack tip shear displacement, CTSDr^s = h, from the loading and 
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unloading that occurred at this point. By considering a Dugdale-type strip yield model under 

far-field mode H loading, Rice [1967] gives the CZSO at maximum load under plane stress 

as, 

= , (4.6) 

where K = ( j - v ) / ( 7 + v), G = .E/(2(7 + v)), To is the critical resolved shear stress, and 

is the maximum far-field mode II stress intensity factor. 

If we make the assumption that this is an adequate description of CTSD under plane strain 

(which should be a reasonable assumption given that the constraint which exists for tensile 

plane strain deformations is not an issue for shear deformations)), then using K = (for 

plane strain). Equation 4.6 becomes, 

). (4.7) 

From the von Mises yield criterion, Tg == o-g/V^, hence Equation 4.7 becomes, 

Upon unloading, a degree of reversed crack tip sliding will occur. Using Rice's argument 

[1967] that the yield stress for reverse yielding is effectively twice that for forward yielding 

(i.e. = +0-0 - (-cTo) = 2oo), then the change in (i.e. /4C7%0) due to a cyclic mode H 

stress field, characterised by AK//, is given by, 

^ ) (4.9) 

Hence, 073%)̂ ;̂, is given by, 

(4.10) 

It should be noted that there is some variability in the expressions for C73%) available in the 

literature. For example Li [1990] gives, 

which is four times that quoted by Rice, whilst by using an effective crack length concept 

similar to the Irwin approximation to the plastic zone under mode I loading, it can be shown 

that. 
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7 K ^ 
, (4.12) 

fTO 

which is approximately 2.2 times that quoted by Rice. In the remainder of the model 

formulation it is the Rice expression given in Equation 4.7 which is used. The effect of this 

range of CTSD values is discussed in Section 4.3. 

The residual CTSD of a crack under a far-field mode II load can be related to the case of a 

deflected crack, by replacing with the local mode 11 stress intensity factor at the 

tip of the deflected crack. Using a similar argument as for ki, kj is given by the equation for 

the local mode II stress intensity factor at the tip of a pupative kink, i.e.. 

+ (4.13) 

and Equation 4.10 becomes, 

, (4.14) 
76^(70 

4.1.3 Estimation of crack closure 

From Figure 4.5, it can be seen that the extent of the residual deformation resolved normal to 

the crack face is h sinO. Hence, closure of the crack will occur when 5 = h sinQ. Inserting 

values for 5 and A from Equations 4.5 and 4.14 and rearranging gives, 

7 ( j C O f y + COa 

where Kci/K,„ax is the normalised closure stress intensity factor. Given that closure occurs at 

the point of crack deflection it is the crack opening behaviour at x = 0 that is of interest, i.e. 

or rewriting in terms of [ /= - A:d)/(A:m« -

/Mor (4 + Y + .yZM 28 

(4.16) 

U = 
1 ^ 

1-R 
(4.17) 

which is an expression for the extent of shielding arising from crack deflection for a crack 

under far-field tension. 
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4.2 Verification of model assumptions 

4.2.1 Opening ofanundeflected crack 

In section 4.1 it was suggested that the elastic opening of a crack (i.e. that predicted by 

Equation 4.1) is a suitable approximation to the opening of a plane strain fatigue crack grown 

under constant amplitude cyclic loading. This assumption can be assessed through a 

comparison of the predicted opening of the FE model of a propagating crack to that predicted 

by the elastic solution. This comparison is shown in Figure 4.6 (a & b) which shows crack 

profiles through the unloading cycle for =13.3 MPaVm, .R = 0 (a), and = 0.5 (b). 

Considering first Figure 4.6 (a) it can be seen that the elastic and FE solutions are reasonably 

close for all crack lengths and for all values of AXKnoi in the unloading cycle. It can be seen 

that at the first node behind the tip the FE solutions are considerably lower than the elastic 

solutions. However in Chapter 3 it was shown that the displacement of the node immediately 

behind the crack tip can behave in a spurious manner, and as such the discrepancy between 

the two solutions at this node is expected. At the second and third nodes behind the tip the 

opening predicted by the FE model is slightly greater than that predicted by the elastic 

solution, suggesting that plastic blunting of the crack may be occurring. Further behind the 

crack tip, the elastic solution generally overpredicts the opening in the FE model. The 

predicted openings for R = 0.5 are shown in Figure 4.6 (b). At this higher R it can be seen 

that the elastic solution is still a reasonable approximation to the FE prediction of the crack 

opening, consistently overpredicting to a small extent. However for purposes of the 

analytical model the approximation of the opening of a plane strain fatigue crack to the 

elastic crack opening expression seems adequate. 

4.2.2 Description of the final deflected section of the crack 

In section 4.1.1 the assumption is made that the final deflected section of the crack behaves 

like a deflection of identical dimension off a straight crack. Furthermore, the assumption is 

made that the tensile opening of this final deflected section of the crack is equivalent to an 

undetected crack of equal length to the deflection. This allows the crack opening 

displacement to be specified as in Equation 4.5. The accuracy of these two assumptions can 

be verified by comparing the crack opening predicted by Equation 4.5 with that found for the 

final deflected section in a FE model of a stationary deflected crack. This is shown in Figure 

4.7, for 4.5 MPaVm, 8 = 45°. It can be seen that in the FE solution there is a degree of 

crack tip blunting which is clearly not accounted for in the elastic solution. Furthermore the 
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deformation in the FE solution is not entirely symmetric (i.e. some shear deformation has 

occurred). However the agreement between the two solutions is reasonably good, indicating 

that the approximations made in ± e description of the crack tip stress field of the final 

deflected section of a crack are reasonable. 

4.2.3 Crack tip shear displacements 

In the formulation of the model it is assumed that there is a residual shear deformation of the 

asperities and that this can be approximated as a residual C7%0. In Figure 4.8 the relative 

shear displacements of the fracture surfaces at minimum load is plotted. The data are taken 

from the 45° deflected crack with the crack having propagated through several deflected 

sections. The plot shows the relative displacement in the x-direction of nodes on the upper 

fracture surface from the initially matching nodes on the lower fracture surface. It can be 

seen that a residual mode II offset of the fracture surfaces has arisen from the prior cyclic 

loading. The relationship between the magnitude of this relative displacement in the overall 

direction of crack growth (call it .v, say) and the effective displacement h of the asperity, can 

be seen from the geometry of the deflected crack to be x = A (e.g. consider Figure 4.5). 

From the plot shown in Figure 4.8, at the asperity tips %/CrOD - 0.22, where CrOD is the 

crack opening displacement (see Section 2.1.5). From Equation 4.14, the predicted 

normalised offset of the asperity is A/CrOD - 0.20, i.e. (A )/CrOD = 0.14. It can be 

seen that the residual defbrmation of the asperities estimated from the residual C73Z) is of the 

correct order of magnitude compared to that found in the FE model, with the effective 

displacement of the asperities in the FE model being approximately 1.6 times greater than 

that estimated by the residual CTSZ) expression, well within the bounds of the various 

anaKtical CTIW expressions, i.e. up to a factor of 4 greater than the Rice estimate in 

Equation 4.6. 
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4.3 Results and discussion 

4.3.1 General behaviour of the model 

In Figure 4.9 a comparison is shown between the predictions of the analytical model, plotted 

as a broken line, and the FE model, for 9 = 60°, A/moi = 4.6 MPaVm, = 0. The analytical 

model is plotted using Equation 4.17, i.e. it is based on the elastic crack opening behaviour. 

The deflections of the crack are at values of o = 20, 40, 60 and 80 p,m. It can be seen that 

immediately following a deflection of the crack (i.e. at small values of a*) the analytical 

model significantly overestimates the extent of crack closure compared to that found in the 

FE model. Further away from the points of crack deflection (i.e. at larger values of a*) the 

analytical model can be seen to underpredict the extent of crack closure compared to the FE 

results. The trend of decreasing closure as the crack tip gets further from the point of the 

deflection can be seen to be well represented however. In fact, the value of A predicted by 

Equation 4.14 and used in the analytical model was found to be an underestimate of the 

residual shear deformation of the asperity compared to that found in the FE model. As noted, 

there is considerable variation in the expressions for the CTSD available in the literature. As 

such, the value of A which is used in the anahtical model could be replaced by where ^ is 

a scaling factor which accounts for this underestimation. In the present analyses A was found 

to be 1.6 times greater in the FE model than in the analytical model, i.e. ^ = 1.6. Putting this 

value of into Equation 4.18 yields much closer agreement to the FE solution as is shown in 

Figure 4.9 (plotted as the unbroken line). (N.B. The A factor in Figure 4.9 is discussed in the 

Section 4.3.2.) 

4.3.2 Closure immediately following a deflection 

A possible interpretation of the overprediction of crack closure for small a* (i.e. immediately 

after the crack undergoes a deflection) may be found from the nature of the shielding process. 

The shielding of the crack arises due to contact in the wake of material on the crack flanks 

which has undergone a shear deformation. Contact primarily occurs due to deformed 

material at the points of the crack deflection. However the crack must propagate some 

distance ahead of the deformed material in order for the material to move into the crack wake, 

i.e. a delay in reaching the point of maximum shielding is expected, and shielding is not 

instantaneous as the formulation of the analytical model implies. This process is clearly 

analogous to the delay in reaching the point of maximum shielding that occurs following an 

98 



Chapter 4 : Analytical modelling ofRlCC 

overload, which arises given that the material deformed by the overload must move into the 

crack wake before it can lead to crack closure. The distance over which the crack needs to 

propagate in order to reach the point of maximum shielding may reasonably be expressed as 

some fraction A of the crack tip plastic zone size r,,. There does not appear to be any way of 

knowing a priori what the value of A should be, but inspection of the FE results suggest a 

value of 0.4. Hence by ignoring the predictions of the analytical model for a* < and 

replacing it by a simple linear interpolation between the value of [/ at the point immediately 

prior to a deflection (i.e. at the maximum value of a*) and the value of [/at a* = a much 

closer representation of the behaviour of the FE model can be achieved, as shown by the plot 

in Figure 4.9. This linear interpolation can be considered to be a simple representation of the 

transition in shielding that will occur as the crack tip progresses from the point of crack 

deflection (i.e. shielding is at a minimum) to the point of maximum shielding some distance 

ahead. 

A second possible explanation for the overprediction of crack closure for small a is as 

follows; due to the assumptions made in the formulation of the model, Equation 4.17 is only 

valid for situations where the crack opening profile of the fatigue crack is dominated by 

elastic behaviour. When the deformed asperity is near the crack tip, plastic blunting of the 

crack may invalidate this approach, and lead to lower crack closure levels than those 

predicted by Equation 4.17. Some aspects of this behaviour may be incorporated into the 

model by utilising a description of the near-tip opening behaviour. 

The Dugdale solution [1960] gives an approximation of the near-tip crack opening profile 

under plane stress, of a stationaiy crack as, 

5 

<5 0/7KZX 

% 
wAerg g(î  ) = - — /og (4.18) 

where 5 is the crack opening displacement at a point A; behind the crack tip, is the crack 

tip opening displacement at maximum load, and f;, is the plastic zone size. This equation is 

formulated for a plane stress, stationary crack. However, Nevmian [1981] has shown that by 

including a factor to account for the constraint of the crack tip material, the Dugdale solution 

can provide a reasonable description of the opening behaviour of a fatigue crack under plane 

strain. The necessary modified expressions for and are, 

2 

(4.19) 
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At an instantaneous value of A *̂ < the instantaneous crack tip opening displacement, 

5o*, becomes [see Budiansky & Hutchinson, 1978] 
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For the deflected crack, the opening profile can be estimated by using - 0. 

where A:y - ^ ( j c o j ' y + c o j ^ ) ^ / , as described earlier. 

A/* will equal when 5 * = A so using Equation 4.14, closure will occur when, 
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Equation 4.24 can be solved numerically to End values of which satisfy this 

equation for given values of x, v, R and 9. This is shown in Figure 4.10 (in terms of U) for 6 

= 45° 60°, V = 0.33, and .R = 0. A j3 value of 1.6 has been included as above. No plots are 

shown for 9 = 30°, for which the predicted closure level is 0 for all values of Also 

shown are the predictions of the analytical model based on Equation 4.17, and plotted as in 

Figure 4.9 with j3 = 1.6, A = 0.4. It can be seen that the Dugdale based solution does in fact 

predict lower closure levels than the elastic solution following the deflection. A transition 

from the Dugdale-based solution to the elastic solution may be reasonable following a 

deflection, as the deformed asperity is at first close to the crack tip and within the region 

where the crack tip is blunted, and then moves further from the tip into the elastic strain 

dominated region with further crack propagation. As such the lower closure level predictions 

of the Dugdale based solution can be seen to be qualitatively consistent with the behaviour of 

the FE models. However, in Figure 4,11 a comparison of the crack openings in the FE model 

to those predicted by the Dugdale expression is shown fbr = 0, from which it can be seen 

that the Dugdale solution significantly overestimates the opening of the crack, particularly in 

the near-tip region. As such, whilst near-tip blunting may be a factor in explaining the 

discrepancy between the closure levels predicted by the FE and elastic analytical models, it 

can be seen that the attempt to achieve a better approximation to the near-tip opening 

behaviour through the use of the Dugdale solution is not well founded. 

4.3.3 Variation of [/with deflection angle 

In Figure 4.12 a comparison between the predictions of the analytical and FE models is 

shown for deflection angles of 60°, 45° and 30°. The plot is fbcussed on the variation of 

shielding along a single deflected section (i.e. 0 < a* < 20 fim), with the analytical model 

formulated as above with = 1.6, A = 0.4, as is the case for all the subsequent plots discussed 

in this chapter. It can be seen that the agreement between the two solutions is good. 
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Moreover the values of j8 and A which were found to produce a good fit to the FE data for 8 = 

60° also provide a good fit for 0 = 45° and 30°. 

4.3.4 Variation of [/as a function of 

In Figure 4.13, a comparison between the variation of closure with increasing a* predicted by 

the analytical and FE models is shown, for = 3.5, 5.5 and 7.5 MPaVm, = 0. The FE 

analyses were performed using a 45° deflected crack with the length of the deflected section 

being 36 |im. It can be seen that there are some differences between the closure levels 

predicted by the analytical and FE models. However, the trend of decreasing [/ with 

increasing X/moi for large a* predicted by the analytical model is reflected in the FE results 

(albeit to a significantly lesser extent). The analytical model also predicts that the value of a* 

at which the maximum shielding occurs should increase with which is also evident in 

the finite element results for Ki„,ax = 7.5 MPaVm at least. 

From Equation 4.17 the model appears to predict that U will decrease linearly with Kj„,ax-

This clearly does not agree with the general experimental observation of decreasing closure 

for increasing AK" at constant .R. However, it is apparent from Figure 4.13 that the minimum 

value of [/, achieved at a* = A/),, is the same for each value of This value can be found 

by putting a* = A/), into Equation 4.17, with given by Equation 4.20, which with the 

inclusion of the [3 parameter becomes, 

f _ 9 V . a . 70 \2 ^ 
7 

yl-R 
] • 

V 

(4.25) 

Hence, the value of ZTmm is independent of and oo, which is consistent with the notion 

that for small scale yielding conditions, shielding of the fatigue crack arising through plastic 

deformation should be a function of J? but not X/mar or Og, as demonstrated by the anahtical 

model of PICC formulated by Budiansky & Hutchinson [1978]. It should be noted that due 

to the formulation of the analytical model this statement will not hold for crack geometries 

where the length of the deflected section Z < A?},. 

4.3.5 Variation of Uwith R 

In Figure 4.14, a comparison between the analytical model predictions and the finite element 

results is shown for three 7(-ratios, for 6 = 45°, = 4.6 MPaVm. In general terms, the 
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agreement between the two solutions is good. The analytical solution overestimates the value 

of [/at low a* for = 0.3 and = 0.6, but at greater a* the agreement is very reasonable. 

4.3.6 Comparison to experimental results 

In Figure 4.15 a plot of the analytical model predictions of the variation of Kci/K,„ax with 

simultaneous increasing and decreasing deflection angle is shown. The results of the 

analytical model are shown as the maximum and average values of that are achieved 

for the particular values of AK and 9 that are used. It should be noted that the maximum 

values of Kd/Ki„ax are independent of AK. In the formulation of the plot a linear decrease in 0 

from 65° at AAr= 4 MPaVm to 25° at 12 MPaVm is assumed, with a facet length a* of 

100 jLim (i.e. the facet length is greater than Xrp for all values of applied AK), and = 0,1. 

This is an attempt to represent the changes in fracture surface morphology which are 

commonly observed in damage tolerant aluminium aerospace alloys due to the transition 

from a faceted crystallographic growth mode at low AK to a more planar ductile growth mode 

at higher AK. This is clearly a significant simplification of the actual variation in fracture 

surface morphology with increasing AfT given that actual B-acture surfaces will generally 

exhibit asperities of varying shape and size, the morphology of which may vary with 

changing grovyth mode. However this can be considered as a &st order characterisation of 

fracture surface roughness. Also shown in Figure 4.15 is a plot of Ag/Kma; for 2024-T351 

[Xu a/, 2000a] (LT orientation 12 mm thick side-grooved samples in which plane strain 

conditions prevail, tested at = 0.1). The fatigue crack surfaces in this alloy were found to 

exhibit a shift from well defined crystallographic features to more ductile crack growth with 

increasing AK as assumed in the plot of the analytical model results. It can be seen that the 

trend of decreasing with increasing exhibited by 2024-T351 is well represented 

by the analytical model (for the maximum Kci/K„,ax levels). However the magnitude of the 

analytical closure predictions are somewhat low. It should be remembered that the analytical 

model in its present formulation is essentially fitted to the FE results, which are also 

somewhat lower than typical experimental RlCC levels (see Chapter 3). Possible reasons 

why the FE (and hence analytical) model results may underestimate the actual experimental 

results have been discussed previously. As such this underprediction of the experimental 

results by the analytical model is not surprising. If the value of used in the analytical 

expression is increased from 1.6 to 2.2, i.e. an allowance is made for the underprediction of 

RICC due to the factors outlined above, then a closer fit to the experimental results can be 

obtained. 
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4.4 Summary and conclusions 

In this chapter details have been presented of an analytical model which has been formulated 

based on a mechanistic understanding of RICC from Chapter 3. In particular; 

» Various simplifications associated with the model formulation have been assessed and 

validated, 

« The model considers growth of the fatigue crack at some distance &om the turning points 

where the residual strain at the asperity has passed fiilly into the crack wake, allowing a 

simple elastic expression for the crack opening to be used. 

» The model behaviour has been shown to be in good quantitative agreement with FE 

models, when assessed parametrically. 

• The model behaviour has been shown to readily reproduce experimental results when 

using a simple representation of crack growth mechanisms. 

» The model is unique in the literature of analytical RICC models in that the extent of shear 

offset of the fracture surfaces arises from within the model fbrmulation, and is not 

defined arbitrarily. 
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jNet asperity ottset 
due to residual 
plastic deformation 
and elastic constrain 

Local shear 
loading due to 
remote tensil^ 
load 

(a) Loaded 

Forward shear 
plastic deformation Limited reverse shear 

plastic deformation 

Local shear 
loading due 
elastic constraint 

Subsequent crack 
extension 

(b) Unloaded (c) Propagation 

Figure 4.1. Schematic illustration of roughness induced crack closure mechanism. 

O" 

V 
CT 

Figure 4.2. A crack in an infinite plate. 
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Figure 4.3. Approximation of the final deflected crack section, to a undetected crack of the 

same length. 

K, K, 
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Figure 4.4. Approximation of the final deflected crack section, to a single pupative kink (i.e. 

a* « 6) off a straight crack. 
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Figure 4.5. Geometry of the crack deflection model. 
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Figure 4.6. Comparison of the variation of the opening profile of a fatigue crack through the 

unloading cycle predicted by the FE model to that predicted by the elastic crack opening 

expression (Equation 4.1). The plots are for K„ax =13.3 MPaVm, with i? = 0 (a) and R = 

0.5 (b). 
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Figure 4.7. Comparison of FE crack opening prediction for the final deflected crack section, 

with the approximate expression used in the analytical model. 
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Figure 4.8. Relative shear displacement of the fracture surfaces of a deflected crack at 

minimum load. 
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Analytical solution, /3 = 1 . 6 , A = 0 . 4 
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Figure 4.9. Prediction of the analytical model (Equation 4.17) compared to the closure 

behaviour of the FE model, for a 60° deflected crack, = 4.6 MPaVm, = 0. 
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Figure 4.10. Prediction of the Dugdale-based analytical expression (Equation 4.24) which 

allows for blunting of the crack tip. Also shown is the elastic based model predictions for 

8 = 45° & 60°, = 4.6 MPaVm, .R = 0. 



Chapter 4 : Analytical modelling of RlCC (Figures) 
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Figure 4.11. Comparison of the variation of the opening profile of a fatigue crack through the 

unloading cycle predicted by the FE model to that predicted by the Dugdale crack openmg 

expression (Equation 4.23). The plot is for K^ax ~ 13.3 MPaVm, with R = Q 

0.9 -

a* jam 

Figure 4.12. [/as a function of 6, {Kimax = 4.6 MPaVm, R = 0). Comparison of analytical 

model predictions (solid/dashed line) and finite element results (dotted line) along a single 

deflected section. 
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Figure 4.13. [/as a function of K[,„ax, (R = 0, 6 = 45°). Comparison of analytical model 

predictions (solid/dashed line) and finite element results (dotted line) along a single 

deflected section. 
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a*, jam 

Figure 4.14. 7̂ as a function of R, {Ki^ax = 4.63 MPaVm, 0 = 45°). Comparison of analytical 

model predictions (solid/dashed line) and finite element results (dotted line) along a single 

deflected section. 
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Figure 4.15. Variation of closure level with simultaneous increasing AST and decreasing 

compared to the experimental behaviour of 2024-T351. 
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5 Modelling RICC under variable amplitude loading 

5.1 Overview 

In the previous chapters, a mechanism for the retardation in growth rate of a deflected fatigue 

craclt under constant amplitude loading, was identified and investigated. Whilst studies of 

constant amplitude fatigue crack growth are important in providing baseline data and in 

investigating the fundamental mechanisms of crack growth, the loading conditions 

experienced in service by most engineering components and structures are not constant 

amplitude. Transient excursions from constant amplitude cycling (e.g. overloads and 

underloads) have been shovm to have significant effects on fatigue crack growth rates [e.g. 

Skorupa, 1998]. Hence the development of a physically sound damage tolerant design 

philosophy for components undergoing such variable amplitude conditions requires an 

understanding of the mechanistic origins of load transient effects. As previously discussed, 

various Al-Li aerospace alloys exhibit highly deflected fatigue crack growth paths, with 

resulting high levels of RICC being thought to explain the superior constant amplitude 

fatigue crack growth resistance compared to conventional aerospace alloys (e.g. 2124, 7150) 

[Venkateswara Rao & Ritchie, 1988]. These Al-Li alloys can also exhibit greater sensitivity 

to excursions in the load history than the conventional alloys, suggesting that crack deflection 

may interact with crack tip plastic deformation due to load transients to enhance crack tip 

shielding. However, no models are available as yet in the literature to explain the processes 

of RICC under variable amplitude loading. In this chapter, details concerning the application 

of the FE method to the investigation of this potential interaction between crack deflection 

and simple single load transients, and the effect these may have on crack growth rates are 

presented. Based on the results of the FE study, a simple fracture mechanics based model of 

overload-induced closure in deflected cracks is put forward, and the predictions of this model 

are discussed. 
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Chapter 5 : Modelling RICC under variable amplitude loading 

5.2 Design of the models 

The procedure used for the FE modelling of a fatigue crack growing under variable amplitude 

loading conditions was essentially identical to that used for the modelling of constant 

amplitude fatigue crack growth, as described in Chapter 3. Based on the availability of 

experimental data [Xu, 2000] in which a high degree of attention has been paid to the 

measurement and non-subjective analysis of post-overload crack closure under plane strain 

conditions, and what were considered to be the parameters of importance based on the current 

mechanistic understanding of overload induced crack closure, a matrix of basic loading, 

material and crack geometry combinations was assessed, as shown in Tables 5.1 and 5.2. In 

order to isolate the potential roughness-plasticity interaction effects, the response of an 

undetected crack to single spike overloads was included. This also served to verify the 

present modelling results against experimental, numerical and analytical modelling results 

from the literature. The loading parameters of interest were baseline AK level {AK(bl)), and 

overload ratio (expressed as a percentage as %0L, see Figure 2.7(a)). In particular, overload 

ratios of 100% and 150% were selected, for which clear effects on fatigue crack growth rates 

are seen. Furthermore, single overloads of these ratios are used in the calibration of models 

of crack growth under spectrum loading, hence their effects are of direct interest to the 

aerospace industry. Crack geometry aspects included asperity length (i) and the location of 

overload point in relation to the position of the crack deflection points. In terms of material 

behaviour, work hardening rate (in terms of the hardening modulus for the bilinear behaviour 

considered here) was also varied. 
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5.3 Basic closure behaviour 

The general behaviour of the FE models of an undetected crack subject to a 100% overload 

is shown in Figure 5.1. The model shown is for = 1 2 MPaVm, = 0.1, plane strain 

conditions, with the results being presented in terms of [/, the ratio of the effective to applied 

stress intensity factor range (based on crack face contact), versus normalised post-overload 

crack extension (where = — OL 

V "̂0 V 
is the overload plastic zone size based 

on the Dugdale analysis modified for plane strain conditions, and Ac/, is the value of A7 

applied during the overload cycle)*. It can be seen that on application of an overload (at 

= 0), the crack driving force drops sharply. This shielding of the crack then reaches 

a maximum at approximately 0.1-0.3 with [ / (= AKeyAKo,,̂ ) reaching 0.4 compared 

to the baseline (pre-overload) level of 1. The shielding of the crack then begins to reduce, 

with [/ rising to 0.8 once the crack has propagated through 3 overload plastic zones. The 

closure response of the model can be seen to replicate two of the three features commonly 

observed in single-overload tests, i.e. the overall reduction in crack growth rates, followed by 

a gradual return to baseline levels. However, the baseline value of for the model is 1 (i.e. 

baseline closure does not occur for the undeflected crack geometry under plane strain 

conditions, as discussed in Chapter 3), hence there cannot be any reduction in closure on 

application of the overload. As such, this aspect of model behaviour is not consistent with 

the brief crack growth acceleration commonly seen experimentally, which is commonly 

rationalised in part as a reduction in crack closure level immediately following the 

application of the overload [Geary, 1992, Skorupa, 1999]. 

5.3.1 Effect of overload ratio 

The effect of overload ratio on the crack closure response in the undeflected crack models is 

shown in Figure 5.2, for overload ratios (%C)Z,) of 0%, 100% and 150%, for = 12 

MPaVm, i? = 0.1. Crack lengths are normalised by the baseline plastic zone size 

+ can be seen that on application of an overload, there is a 

significant drop in U, followed by a gradual return to baseline behaviour, as in Figure 5.1. 

The magnitude of the reduction in f/increases with increasing overload ratio, being 

approximately 30% greater for = 150% compared to 100%. The affected distance (i.e. 
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the distance for which [ / is reduced from the baseline value) also increases with increasing 

Specifically, a post-overload crack growth distance of approximately 7 is 

necessary for the shielding to reach half its maximum level following the 100% overload (i.e. 

[/returns from a minimum of 0.4 to 0.7), compared to approximately 14 for the 150% 

overload ([ / returns from a minimum of 0.2 to 0.6). Furthermore, the distance to (i.e. the 

distance between the application of the overload and the point of maximum retardation) also 

increases, being approximately double for 150% compared to 100%. It is apparent that the 

relationship between the degree of retardation and the extent of crack tip plasticity is not 

linear, in that a 60% increase in the maximum plastic zone size on going from a 100% to a 

150% overload brings about an approximate doubling of the retardation effected distance. 

The results can be related to the deformed crack profiles which are shown in Figure 5.3. For 

the 100% and 150% overload models the profiles shown are for cracks which have been 

grown approximately 4 &om the initial precrack, with the overload being applied after 2 

of growth. It can be seen that the overload has deformed the crack surfaces, with an 

increasing degree of blunting of the material behind the overload location, and an increasing 

wedge of deformed material ahead of the overload location (shaded region), with increasing 

overload ratio, compared to the 0% overload profile. It is clear that the deformed material 

ahead of the overload location may contribute significantly to premature closure of the crack 

upon unloading. 

The effect of overload ratio on crack closure response in the deflected crack models (8 = 45°, 

2 = 150 ^m) is shown in Figure 5.4, for overload ratios of 0%, 100% and 150%, for AKcez; = 

12 MPaVm, = 0.1. As previously, crack lengths are normalised by the baseline plastic zone 

size. Shown for comparison in Figure 5.4 are the crack closure responses of the undetected 

crack models for the same loading conditions (dotted lines). On application of the overload 

in the deflected crack models, [/ increases immediately to 1 (i.e. effects of constant amplitude 

RICC are removed), which is consistent with the brief rise in crack growth rates seen 

experimentally. This increase in [/ is then followed by a rapid reduction and a gradual return 

to baseline, which is very similar to the response of the undeflected crack models. Whilst the 

crack deflection clearly has an influence on the baseline constant amplitude closure behaviour 

(as discussed in Chapter 3), the effect of the crack deflection on the 100% and 150% overload 

cases is minimal (for this particular crack geometry). That is, the post-overload crack closure 

response of the deflected crack is seemingly unmodified by the presence of crack deflection. 

It can be seen that due to the existence of a baseline closure level for the deflected crack 

* It may be noted that general ly higher AK levels are considered in this chapter compared to Chap te r ! 

due to the availability of experimental data for comparison purposes [Xu, 2000]. 

.17 



J /( /CC WMt/er varf'aA/e OTM/p/ffwcfe /oac/mg 

growth, the return to ± e (higher) baseline closure levels occurs sooner than for the 

undetected crack models. 

The similarity in crack closure response of the deflected crack models to the undetected 

crack models is consistent with the deformed crack profiles shown in Figure 5.5 for the 100% 

and 150% overloads. It can again be seen that the effect of the overload is to cause blunting 

of the crack behind the overload location, and a wedge of material ahead of the overload 

location, leading to premature crack closure. The size of the wedge of material can be seen to 

increase with increasing overload ratio. 

5.3.2 Effect of hardening 

The effect of varying the hardening modulus on the closure response of the undeflected crack 

models is shown in Figure 5.6. It can be seen that as .ff) the gradient of the plastic portion of 

the bi-linear hardening curve, is reduced from 0.07 times the elastic modulus to 0.035 .E 

there is a small increase in shielding following the application of the overload. This is 

consistent with the deformed crack profile shown in Figure 5.7. For the profile shown, the 

crack has grown 2 from the overload location and it can be seen that the lower 

hardening material exhibits a greater reduction in crack opening aliead of the overload 

location than the higher hardening material. 

This effect is also seen in the closure response of the deflected crack models shown in Figure 

5.8. It can be seen that the closure response of the deflected crack is very similar to that 

exhibited by the undeflected crack, for the different hardening moduli. The slight increase in 

closure levels with decreasing hardening modulus is consistent with the slightly increased 

crack flank deformation shown in Figure 5.9 for the lower hardening material. 

5.3.3 Effect of baseline loading level 

The effect of varying baseline stress intensity factor range on the closure response of the 

undeflected crack models is shown in Figure 5.10, for 100% overloads from baseline loading 

of = 12, 8 and 4 MPaVm, = 0.1. The mesh density used in the models is such that 

the ratio of the maximum crack tip plastic zone size to crack tip element length is constant. 

The crack lengths have been normalised by the corresponding baseline plastic zones. It can 

be seen that as is decreased there is a slight decrease in crack closure levels. In Figure 

5.11 the crack profiles are shown at maximum load for tlie different baseline stress intensity 
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factor ranges, with approximately 12 of post-overload crack growth having occurred in 

each case. Displacements in the crack growth direction have been normalised by the 

corresponding baseline plastic zone sizes, and displacements normal to the crack growth 

direction have been normalised by the maximum crack tip opening displacement under 

baseline loading conditions, It can be seen that there is a 

slight decrease in normalised size of the deformed hump of material in the crack wake, with 

the humps for of 8 and 4 MPaVm being approximately 90% and 80% respectively of 

the size of the hump for AK(bl) = 12 MPaVm. That is, the crack profiles are consistent with 

the slightly increased closure levels found with increasing 

The effect of varying baseline stress intensity factor range on closure response of the 

deflected crack models is shown in Figure 5.12, for 100% overloads from baseline loading of 

= 12, 8 and 4 MPaVm, ^ = 0.1. The closure response is shown in terms of actual crack 

growth distance past the point of application of the overload. Again the closure behaviour is 

very close to that exhibited by the undeflected crack models (shown by the dotted lines), with 

significant differences only arising as the cracks return to the baseline closure levels. In 

Figure 5.13 the crack profiles are shown for the three baseline loading levels at the closure 

load. It can be seen that as baseline stress intensity factor increases, so does the relative 

deformation of the crack flanks due to the overload, as well as the opening of the crack. 

Mechanistically, closure occurs because the material at the crack tip at the point of 

application of the overload undergoes a greater plastic deformation than the surrounding 

material, which undergoes baseline loading. As such, it can be expected that (for small scale 

yielding conditions) it is the overload ratio that will control the extent of crack closure. 

Hence the absence of a dependence of overload induced crack closure on the baseline loading 

is intuitively acceptable, as overload plasticity and crack opening can be expected to increase 

at the same rate with increasing baseline loading level. As such, the origin of the apparent, 

small baseline dependence in the FE models is unclear, but could be an artefact of the 

sensitivity of the model (particularly in relation to determining the point of maximum 

closure), or be related to compressive plastic deformation of the overload induced wedge 

(which is not necessarily independent of baseline see Section 5.5.4 below). 

5.3.4 Effect of deflection length 

In Figure 5.14 the effect of a reduction in the projected length of the asperity from 150 |jjn to 

37.5 pim on the crack closure response is shown. Before the application of the overload it can 
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be seen that the small asperity size crack exhibits a lower baseline shielding level than the 

large asperity size crack, consistent with the discussion of relative asperity size effects under 

constant amplitude loading in Chapter 3. Following the application of the overload, there is a 

significant increase in the magnitude of the reduction in (7 for the small asperity size crack 

compared to the large asperity size crack (with [/reducing to approximately 0.2 compared to 

0.4). This behaviour is somewhat surprising, in that as the size of the asperity is reduced, it 

could intuitively be expected that the behaviour of the crack would tend to that exhibited by 

an undeflected crack. Some insight into this result can be gained by considering Figure 5.15, 

which shows the deformed crack profile of the small asperity size crack at the point in the 

unloading cycle at which crack contact occurs, after the crack has propagated some distance 

from the overload location. It can be seen that the crack is propped open by a wedge of 

residual deformation in the crack wake which extends over 6 to 7 deflected sections. This 

can be compared to the behaviour of the large asperity size crack, shown in Figure 5.16, 

where contact occurs only over 1 to 2 deflected sections. It appears that when the 

deformation due to the overload is such that it extends over several crack deflections, the 

resulting crack closure is greatly increased. The apparent significance of the size of the 

deformed wedge due to overload plasticity and the size of the asperities may then be 

rationalised as follows. When the size of the hump which arises due to the overload is small 

compared to the length of the deflected section, any global shear of the fracture surfaces 

which arises from the mode II component of the overload deformation will have little effect 

on crack closure, with the onset of closure being governed by the mode I deformation and 

opening. This is illustrated schematically in Figure 5.17. However, when the size of the 

hump due to the overload is large compared to the length of the deflected section, the 

presence of any global fracture surface offset can reduce the effective crack opening and 

hence increase the crack closure levels. This process is analogous to the conventional 

description of RJCC under constant amplitude loading, and is illustrated schematically in 

Figure 5.18. These conditions are considered further in Section 5.5. 

In order to confirm the importance of the size of the asperities relative to the scale of 

overload plastic deformation a further model was investigated. In this model the projected 

length of the asperity was kept at 150 p,m, but the loading was increased to 17 MPaVm, 

.R = 0.1, with a 100% overload applied, such that the overload plastic zone was twice the size 

of the models performed at = 12 MPaVm. The values of for the three models (i.e. 

(1) 12 MPaVm, Z = 150 pm, (2) 17 MPaVm, Z = 150 p,m, and (3) 12 

MPaVm, Z = 37.5 pm) were thus 0.22, 0.11 and 0.055 respectively, i.e. in the ratio 4:2:1. A 

comparison between the closure levels in the three models is shown in Figure 5.19 from 
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which it can be seen Aat decreasing the ratio of leads to a progressive increase in the 

post overload crack closure levels. 

5.3.5 EfFect of overload location 

The effect of the relative location of the overload to the points of crack deflection on crack 

closure behaviour is shown in Figure 5.20. Models were run for instances where the overload 

was applied when the crack tip was at the turning point of the crack, as well as at the 1/4, 1/2 

and 3/4 points (see inset of Figure 5.20). It can be seen from Figure 5.20 that the post-

overload closure responses are virtually coincident, i.e. the relative location of the overload 

seems to have little effect on crack closure response. From the crack profiles shown in 

Figure 5.21 for the above situations, it can be seen that the location of the overload relative to 

the crack deflections has little significant effect on the deformation or subsequent closure 

behaviour. 
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5.4 Near-tip and far-field closure conditions 

In ± e results presented so far, ± e effect of the overloads has been reported in terms of 

[ /= where AK^is defined by the first point of crack face contact. It has been 

suggested (e.g. Donald, [1997]) that crack closure need not entirely isolate the crack tip 

material during unloading, and that damaging cyclic strains can occur in the crack tip 

material below the closure load. Certainly the effectiveness of the closure event in isolating 

the crack tip material from the applied load can be expected to be dependent upon the 

distance between the crack tip and the point of crack face contact (e.g. see Chen e/ a/, 1996). 

Unlike the constant amplitude models where closure occurs relatively close to the crack tip, 

the position of crack face contact in the overload models is often far from the tip. As such, 

the effective based on crack face contact may not provide an entirely consistent 

assessment of crack tip driving forces, and a measurement of actual crack tip conditions may 

be desirable. 

In the first instance it may be reasonable to expect that the fatigue crack growth rate in a 

material is related to some measurement of the cyclic strain suffered by the material at the 

crack tip, (e.g. see the model of Donahue aZ [1972] in which fatigue crack growth is related 

to the cyclic crack tip opening displacement, zlCrOZ), or the model of Antolovich e/ a/ 

[1975] in which fatigue crack growth is related to near tip strain amplitude). As such, it is 

possible to get a more direct measure of the fatigue crack driving force in the model by 

considering such parameters. An effective [/based on zlCrOD (Ucroo) may be arrived at by 

considering that zlCrOD may be related to the fatigue crack driving force A^gy^as [Higo er a/, 

1981], 

z icroz) = ,3 . (5.1) 

Hence a normalised cyclic crack opening is. 

BL 

u 
(5.2) 

where ziCTODo/, is the measured cyclic crack tip opening from the overload model and 

ACrODgy: is that from an overload fi-ee, baseline model. Given that in the straight crack 

models = 1, i.e. there is no baseline closure. 

L 
2 
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That is, it is reasonable to expect an effective [/, which relates the fatigue crack growth rate 

to the applied A^, to vary as the square root of the cyclic crack tip opening displacement 

which arises under the overload loading history when normalised by the opening from the 

baseline loading history. 

A similar line of reasoning can be used to arrive at an effective [/based on the tensile strain 

range ahead of the crack tip, Û . In a material exJiibiting a uniaxial constitutive response 

which can be approximated as, 

(5.4) 
£ 

— — a 
0̂ 

where Eg = ao/E, the strain at a distance r ahead of the crack tip, provided 7- is in the zone 

of J-dominance, is given by the HRR solution [Hutchinson, 1968, Rice & Rosengren, 1968] 

as. 

4 ( 8 , " ) , (5.5) 

where (8,«) is a dimensionless function of the polar angle 8, strain hardening exponent 

and stress state, 7̂  is a factor which depends on and J is the J^integral [Rice, 1968], a 

measure of the strength of the crack tip singularity in a non-linear elastic material. The zone 

ofV^dominance for small scale yielding conditions can be expected to extend from the edge 

of the crack tip process zone, where large deformations invalidate the HRR theory, to a 

distance of about 20-25% of the monotonic plastic zone size from the crack tip [e.g. see 

Suresh, 1991]. FE calculations suggest that the lower limit to applicability of the HRR 

solutions is approximately [McMeeking, 1977]. Hence, provided the measuring 

location for near-tip strain is at a distance r ahead of the crack tip such that < r < 

0.2 Tp, then Equation 5.5 should be valid. For the material properties used, this equates to 

0.06 < r/y-,, < 0.2. 

Under elastic-perfectly plastic conditions (i.e. n = co), the strain in the crack tip region is 

proportional to the J^integral. For plane strain small scale yielding conditions, 

where E is Young's modulus and v is Poisson's ratio. Hence the value of at a fixed value 

of r ahead of the crack tip within the region over which the HRR solutions hold is directly 

related to the value of the elastic stress intensity factor. The cyclic strain range may therefore 

be written as, 
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Ag^ocz\;^\ (5.7) 

where /iGy is the strain range. Hence, the normalised cyclic strain range can be written as. 

/iG, (01) 
Z\g; (B/L) 

W _ U, 
1 

OA (5.8) 

where zlSyyoz,; is the strain range measured during an overload loading history, and is 

that measured during an overload free, baseline loading history. As before, = 1 for the 

undeflected crack models, hence, 

I 

y(Ol) 
= (^oz,=^E- (5.9) 

'uV 

That is, it is reasonable to expect an effective [/, which relates the fatigue crack growth rate 

to the applied AX, to vary as the square root of the cyclic strain range which arises under the 

overload loading history when normalised by the strain range from the baseline loading 

history. In fact, the characterisations of crack advance based on A/ and ACrOZ) are 

essentially equivalent, as the parameters are related as [Shih, 1981], 

= — , (5.10) 
a"o 

where is a material parameter. To enable these near-tip parameters to be extracted from 

the model, a mesh was designed such that for closure free loading at = 12 MPaVm, = 

0.1, the element size in the near-tip region was equal to 0.5 CZUDmiit, i.e. the second node 

behind the crack tip was precisely 1 behind the tip. ACFOD was then evaluated at 

the second node behind the tip, and Ag?; was evaluated at the centre of the eleventh element 

ahead of the crack tip (i.e. approximately 10% of the monotonic plastic zone ahead of the 

crack tip), thus removing the need to consider the elements immediately ac^acent to the crack 

tip, where inaccuracies in the solution and spurious displacements may occur. The results are 

presented in Figure 5.22, in terms of values of [/croo, % and the conventional [/based on 

crack face contact ([4o,»ao). From Figure 5.22 the following points can be made. Firstly, 

and [/g were found to increase to approximately 1.8 and 1.3 times the baseline level 

respectively on application of the overload, suggesting that there would be a brief increase in 

crack growth rates (consistent with general experimental behaviour). This potential growth 

rate acceleration is not reflected by the contact based results, given that the baseline 

behaviour is closure free, as previously discussed. Secondly, some implications on the 

magnitude of post-overload crack driving force can be made. Both the ACrOD and 

based results indicate that the magnitude of post-overload retardation is much less than that 

suggested by the contact based data, suggesting that crack driving force will drop to 0.7-0.8 
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of the baseline level, compared to approximately 0.4 for the contact based data. Hovyever, 

some considerations on the validity of the near-tip based characterisations of crack driving 

force are necessary. The conventional definition of CrOD assumes that the measurement is 

taken at the point where lines going at 45° fi-om the crack tip intercept the crack flanks. This 

effectively requires the measurement of CTOD at 0.5 times the CTOD behind the crack tip. 

In the model the CTOD is measured at 1 (nominal, closure free) CTOD behind the crack tip, 

but as the measured CrODs are normalised, Equation 5.3 should still be reasonable, provided 

that the measured CTOD is still dominated by plastic strain. However, following the 

application of the overload, the reduction in crack driving force causes a reduction in CTOD, 

and as such the (fixed) measuring location becomes further from the crack tip in terms of 

multiples of (actual) CTOD. For example, if the driving force drops to half of the baseline 

level on application of the overload, then a fixed monitoring location which is initially a 

single C70Z) behind the tip will become 4 times the subsequently reduced CrOD behind the 

crack tip, making the plot shown in Figure 5.22 an upper bound to the actual crack driving 

force behaviour. For the based data, the monitoring location is required to be a fixed 

absolute distance ahead of the crack tip, and so this problem does not occur. However, the 

reduction in crack driving force will mean that the monitoring location may pass out of the 

zone of J-dominance, thus reducing the validity of the results. Hence, direct quantitative 

comparison of the results based on /ICrOD and to the contact based data is perhaps 

misleading. The results are however interesting in that they do predict the trend of a rapid 

onset of retardation, reaching a maximum value at approximately 0.5 followed by a 

gradual return to baseline levels. Extrapolating the ACTOD and AS22 based data indicates 

that their return to baseline levels is significantly sooner than the contact based data, 

consistent with an effective over-prediction of retardation by the contact based data for 

situations where the crack tip is far from the point of the application of the overload. 

A further indication of the effect of the overload on the fatigue crack growth rate can be 

found by considering the cyclic strain which is suffered by material in the crack tip process 

zone (i.e. within 3 CrODmar of the crack tip), which can also be determined to some extent 

from the FE model. It should be remembered that the ability of the simple plasticity model to 

replicate the large strains found in the crack tip process zone is limited, but some indication 

of the near-tip behaviour may be found. An understanding of the relationship between crack 

closure and the crack tip strain can be gained by considering Figure 5.23, which shows the 

variation of strain at various distances ahead of the crack tip through the loading and 

unloading cycle at approximately 0.5 past the overload location. The loading history 

comprises a 100% overload from = 12 MPaVm, = 0.1 baseline loading. 
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based on crack face contact was found to be 0.67, with closure occurring immediately behind 

the crack tip, Tliree strain measuring locations were used: At 0.25, 0.75 and 5 C70Z) ahead 

of the crack tip (all values of CrOD based on closure &ee conditions). It can be seen that all 

the strain responses exhibit a sharp change in slope at It may be noted that whilst the 

measuring locations are within the nominal plastic zone, the actual plastic zone is much 

reduced due to closure and the compressive stresses around the crack tip associated with the 

overload, and the measuring location at 5 C70Z) is actually within the elastic region, as 

evidenced by the fact that the only non-linearity in the load-strain plot arises due to crack face 

contact. The importance of crack closure on crack driving force can be evaluated by 

considering the effect that closure has on the crack tip strain. For the measuring location at 

0.25 CrOf) ahead of the crack tip the portion of the loading cycle &om .Kc/ to accounts 

for less than 15% of the crack tip strain. For the measuring locations at 0.25 and 5 CrOD, 

the figures are approximately 25% and 50% respectively. Hence a clear dependence on 

measuring location on the strain behaviour can be seen. It is evident that for measuring 

locations increasingly close to the crack tip the significance of the portion of the loading 

cycle < Xg/ decreases. As such it appears that defining the crack driving force from crack 

face contact in the conventional manner should be a good approximation, provided that 

contact is occurring close to the crack tip (as in this instance). It is interesting to consider this 

plot in terms of the compliance ratio technique of Donald [1997] (c.f. Section 2.7). The basis 

of the compliance ratio technique is the consideration that the crack growth rate should be 

related to the total (elastic) strain range of material near the crack tip, and not just defined by 

the portion of the loading cycle above However, Figure 5.23 indicates that using the 

elastic strain range in this way will considerably underestimate the effect of crack closure on 

the very near-tip plastic strain, for which crack growth can be reasonably expected to depend. 

The contact based closure results presented thus far have been based on the first point of 

crack face contact during the unloading cycle (ignoring the potentially anomalous behaviour 

of the first node behind the crack tip, see Chapter 3). For the models subjected to overloads 

this contact generally occurs near the location of the crack tip at the point when the overload 

was applied, whereas for overload-free loading, contact occurs in the deflected crack models 

fairly close to the crack tip. However as has been discussed, the effectiveness in isolating the 

crack tip material from the full cycle of applied load of crack closure can be expected to 

diminish as the point of contact becomes further from the crack tip. As such, global 

specimen closure (that is, the point of first contact, regardless of position) may overestimate 

the shielding experienced by the crack tip material due to the overload as discussed above. It 

is possible however to define alternative closure points based on near-tip contact (taken in 

this case to mean contact on the same deflected section as the current crack tip), and far-field 
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contact (based on contact due to material deformed by the overload). The plots of near-tip 

and far-field closure based on these de^nitions are shown in Figure 5.24, for a 100% 

overload, = 12 MPaVm, ^ = 0.1. It can be seen that on application of the overload 

there is a brief period of closure-free crack growth, followed by a rapid increase in shielding 

as the crack propagates into the zone of plastic deformation due to the overload. At this stage 

the point of first contact is immediately behind the crack tip and hence the plots based on the 

two closure definitions are coincident. After the crack has propagated approximately 1 

past the overload a crack deflection occurs. At this point, first contact occurs a little way 

behind the crack tip and props the now deflected crack tip open, such that the near-tip 

shielding level is greatly reduced. After some further crack propagation the propping open of 

the final deflected section reduces and the two plots converge. The subsequent near-tip 

behaviour can be seen to return to baseline loading more rapidly than the far-field closure 

level. Indeed by the time the crack has propagated through 6-7 the near-tip closure 

behaviour has returned to that of the baseline whereas the far-field shielding continues to 

decrease. This implies that the global closure level does over-predict the shielding of the 

crack tip material as it mainly reflects the far-field behaviour. Hence, measurements of crack 

closure would ideally be able to discriminate between near-tip and far-field contact. In fact it 

has been suggested that near-tip and far-field contact can be separated through the 

identification of distinct linear sections in the offset compliance curves [Paris & Hermann, 

1982]. It should be noted that in the work of Paris & Hermann, it is actually the near-tip 

closure due to the overload, and the far-field baseline closure which are discriminated 

between in the specimen compliance, whereas in the present model the far-field closure is 

essentially due to the overload, and the near-tip closure is essentially due to the operation of 

constant amplitude RICC. An attempt to discriminate between the two closure points in the 

present model based on offset displacement and strain curves was unsuccessful (see Figure 

5.25), even when virtual strain gauges were located near the position of the crack tip at the 

point of application of the overload, and near the position of the current crack tip (in each 

case far away enough from the crack tip for plastic strain effects to be absent), in an attempt 

to increase sensitivity over the conventional compliance measurement via the crack mouth 

opening gauge. That is, although the onset of far-field closure is clearly picked up by all the 

gauges, the near-tip closure point is not discernible from the compliance plots alone, and the 

closure levels based on the onset of non-linearity in specimen compliance are inherently 

over-predictions of crack tip shielding. It should be considered that the nature of crack face 

contact is not well represented in the present EE models in terms of frictional contact, which 

may have implications for the compliance variations following crack face contact in real 

samples. 
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5.5 Analytical modelling of overload effects 

In this section a simple analytical model of the effect of an overload on crack flank 

deformation and subsequent crack closure is presented. The model is based on simple 

fracture mechanics concepts, and is similar to the modelling of RICC presented in Chapter 4. 

Through this modelling approach, insights into the functional dependence of overload effects 

have been attained for both undetected and deflected fatigue crack growth. 

5.5.1 Undeflected fatigue crack growth 

Consider an undeflected, through-thickness crack in the centre of a plate, of half length a. In 

Chapter 4 it was argued that the crack flank displacements of a constant amplitude plane 

strain fatigue crack away from the tip may be approximated by the equation for the elastic 

stress field displacements [Tadaef a/, 1973], i.e. 

, (5.11) 

where iiy is the elastic displacement of the crack flank in the y-direction at a distance x from 

the origin, .E is the elastic modulus and v is the Poisson ratio. Differences in the crack flank 

displacements between the fatigue crack and elastic crack could be expected to arise through 

plastic blunting in the near-tip region of the fatigue crack, or through the presence of 

previously plastically deformed of material in the crack wake. However, under plane strain, 

constant amplitude conditions, any continuous 'wedge' of material on the crack flanks due to 

previous deformation may be assumed to be small or non-existent. 

Following the application of an overload, material which has previously undergone a tensile 

deformation will be left in the crack wake, as illustrated in Figure 5.26. The profile of the 

crack can now be considered to be the elastic crack profile, upon which is superimposed a 

'hump' due to the overload, (the origin of the hump of material in the crack wake under plane 

strain is the contraction in the crack growth direction, hence conservation of volume is not 

violated). The height A of the hump may in the first instance be approximated as, 

A = (5.12) 

where ^nd are the residual crack tip opening displacements for the 

overload and baseline cycles, 

i.e. == - zlCrOD 
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o-Q^ 2o-g^ 

- ^ (5.13) 
2o-Q^ 

where CrODmoi and zlCrOD are ± e maximum and cyclic crack tip opening displacements, j3 

is a constant usually taken as 0.5 for plane strain conditions, Amoi, and AAT are the 

maximum and minimum stress intensity factors and stress intensity factor range respectively, 

and Ofl is the yield stress. Hence h can be written as, 

^ ~ ^ P (^max(Oi) ^^min^mca{OL) " ^min ) 

' T / . .1 
% % Y^max[BL) ^^min^max{BL) ~ ^min j 

where and are the maximum stress intensity factors of the overload and 

baseline cycles. This can be rearranged to give, 

(5.15) 
2o-o^ s y, 

where g ^ T + yl and .R=:—^ /Mm 

That is, the height of the hump leA in the crack wake as a result of the overload is expressed 

in Equation 5.15 as a function of the baseline loading, the size of the overload and the 

materials properties. Hence, this expression for the height of the hump due to the overload 

can now be considered with the expression for the crack flank displacement, Equation 5.11, 

to produce an expression for post-overload crack closure. By putting a = ^ / / , where 

is the applied mode I stress intensity factor, and F is a geometry correction factor, and 

including the displacement geometry correction factor K, Equation 5.11 becomes, 

. (5.16) 

It is the opening at a distance / = a-;: behind the crack tip that is of interest (see Figure 5.26) 

hence we can write. 

Clearly, when w. = A 
^max(BL) 

^ ^ - 2 7 ; - v) (5.18) 
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K, K c/ 

^max(BL) ^max 4Gf)E\l —V" \j2al — /" ^ 

- 2 y ( - y (5.19) 

or in terms of [/ = - ^c// 

U-
1 

l-R 
1- (5.20) 

That is, in Equation 5.20, the post-overload crack closure behaviour of an undetected plane 

strain fatigue crack is expressed in terms of the baseline loading, the size of the overload, ± e 

specimen geometry, the material properties and ± e distance through which the crack has 

propagated subsequent to the overload. 

5.5.2 Fatigue crack growth along a single deflected section 

Based on the concept of overload plasticity being effectively constrained to one deflected 

crack section (i.e. idealising the behaviour discussed in relation to Figure 5.15), the case of an 

overload occurring when the crack is growing along a single deflected section, at an angle 8 

to the nominal mode I crack growth direction, can now be considered, as illustrated in Figure 

5.17. The local mode I stress intensity factor, at the tip of the crack is given by [Bilby ef 

a/, 1977] 

+ (5.21) 

As shown above, the size of the hump due to overload plasticity scales with the square of the 

opening mode stress intensity factor, whereas the elastic opening of the crack increases 

linearly with the opening mode stress intensity factor. Hence, the effect on crack tip driving 

force of an overload of given size would be expected to diminish with increasing crack 

deflection angle (i .e. the size of the overload induced hump decreases more rapidly than the 

crack opening as A} is attenuated with increasing crack deflection angle), for the case of a 

crack growth along a single deflected section. This can be quantified by combining 

Equations 5.20 and 5.21, to give, 

/ I— \ 
7 I , P ^max[BL)'^ 

U =' 
l-R 

7 - . (5.22) 
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5.5.3 Multiply deflected cracks 

For the case where overload plasticity is of a similar scale to the crack deflection (as in 

Figure 5.16) a different approach must be taken. Following the application of the overload 

on a section of a multiply deflected crack, a hump of material will be left in the crack wake as 

described above. However, a residual shear deformation of the fracture surfaces will also 

occur, due to the local mode II component of the overload. As such, the effective opening of 

the fatigue crack will be reduced, as illustrated in Figure 5.27. It can be seen that the origin 

of this additional reduction in crack opening is a global shear of the deflected crack surfaces, 

analogous to the conventional description of constant amplitude RICC. However, whereas 

the origin of the global shear of the fracture surfaces under constant amplitude loading is 

questionable (see the discussion in Chapter 3), under variable amplitude loading the offset 

can originate from the shear component of the load transient. The reduction of crack opening 

through this mechanism was investigated by Suresh & Ritchie [1982] for constant amplitude 

fatigue, and a similar analysis can be combined with that presented above to give an 

approximation to the crack closure behaviour of multiply deflected cracks (i.e. the reductions 

in crack opening due to the global shear offset of the fracture surfaces and the presence of the 

overload-induced hump can be combined, as illustrated in Figure 5.18. From Figure 5.27 the 

ratio of the reduced crack opening displacement, 5*, due to the mode II displacement of the 

fracture surfaces, to the nominal (mode 11 displacement firee) opening <5, can be seen to be, 

(5,23) 
5 5 

Hence, by combining Equations 5.22 and 5.23, we obtain: 

/ . _ r - / 

1-R 
1--

P F(^7 -,V, fl 1 5 

(5.24) 

which is a description of the post-overload crack closure behaviour of a multiply deflected 

plane strain fatigue crack in terms of the baseline loading, the size of the overload, the 

specimen geometry, the material properties, the distance through which the crack has 

propagated subsequent to the overload, crack deflection angle and the extent of the mismatch 

of the fracture surfaces. The residual shear offset of the fracture surfaces can be 

approximated as, 

(5.25) 

where is the residual crack tip sliding displacement due to the overload. Using the 

expression for 0757)^^. given in Equation 4.14, with taken as with = 12 
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MPaVm, = 0.1, 100% overload, 8 = 45°, jE = 74 GPa, (% = 370 MPa, v = 0.33, gives 

CZSD;.ef = 2.5 p.m. The nominal (mode H displacement free) opening 5, is given by 

5 - 2 ( w ^ - A j (5.26) 

i.e. it is the distance between the crack flanks at maximum load when the reduction due to the 

overload has been taken into account. For similar loading as above, and / = 680 p,m (-"Irp ôf,;) 

i.e. at a distance away from the crack tip such that this simple analytical model based on 

linear elastic fracture mechanics assumptions may be expected to have some validity, 

Equations 5.15 and 5.17 give A = 5 |Lun, and Wy = 6.5 pm respectively, i.e. 5 = 3|im. As such 

can be expected to be of the order of 0.8. 

5.5.4 Verification of model assumptions 

There are three main assumptions in the analytical model of overload effects presented above. 

These assumptions are (1) that the equation for the elastic stress field displacements 

(Equation 5.11) is a suitable description of a plane strain fatigue crack (previously addressed 

in Chapter 4), (2) that the height of the wedge in the crack wake arising from overload 

plasticity can be approximated through the concept of a residual CTOD (Equation 5.15), and 

(3) that a residual mode II displacement occurs due to the overload, and that it can be 

approximated as a residual C7S0 (Equation 5.25). 

The validity of the second assumption can be evaluated by examining the overload induced 

plastic deformation left in the crack wake in the FE models. To do this, profiles of the 

undeflected cracks were analysed at the point of closure, after the crack had propagated well 

away (3 from the overload deformed region. By examining the zone of overload 

deformation far from the crack tip in this way, the potential influence of the crack tip strain 

field on the crack flank displacements is reduced. The deformed crack profile for a 100% 

overload, = 12 MPaVm, = 0.1, fatigue crack is shovm in Figure 5.28. Also shown is 

the elastic solution based on Equation 5.11 for It can be seen that the deviation of 

the FE solution from the elastic solution appears to be closely related to the overload (applied 

when the crack tip was approximately 2000 p.m behind its current position). The height of 

the wedge of plastic deformation h can be estimated by comparison to the elastic solution, as 

shown in Figure 5.28. Using this process, A was evaluated for the various overload ratios and 

baseline stress intensity factor ranges used. The results are shown in Table 5.3 (labelled hffg) 

along with the values of A which can be calculated from the analytical solution given in 

Equation 5.15 (labelled It can be seen that the analytical solution for A 

consistently over-predicts the value that is found in the FE analysis (hffg) is -70% of 
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/zronoAwô ;), but the general agreement in terms of %0Z and is good. A possible 

ex.planation for the lower values of A in the FE models compared to those predicted by 

Equation 5.15 is compressive yielding of the overload-induced hump during the portion of 

the loading cycle due to crack face contact. Figure 5.29 specifically illustrates such 

compressive yielding of the overload-induced hump can be seen. As such, the analytical 

description of post-overload deformation is clearly a simplification of the actual behaviour in 

that it doesn't take into account the possibility of compressive yielding. However, as a tool to 

gain further insight into aspects of the functional dependence of overload-induced crack 

closure the simplification would appear reasonable. 

The third assumption, (that the overload leads to a residual mode 11 displacement which can 

be approximated as a residual CTSD), can also be considered in comparison to the FE results. 

In Figure 5.30 the profile of the fracture surfaces at the point of first contact is plotted, 

focussing on the material just ahead of the overload location. The data is taken from the 45° 

deflected crack with a projected length of the deflected sections of 37.5 )im with the crack 

having propagated approximately 300 pm (--0.5 subsequent to the application of the 

overload. The displacements in the plot have been magnified by 30 times. It can be seen that 

the initial crack face contact has occurred at two locations near the tips of the asperities on 

the upper fracture surface. However, no contact can be seen to have occurred at the tips of 

the asperities on the lower fracture surface (e.g. there is no contact at the point labelled A in 

Figure 5.30, which would be expected under constant amplitude loading, c.f. Figure 3.12). 

This is consistent with a 'global' shear of the upper fracture surface towards the crack tip 

relative to the lower fracture surface, due to the overload as assumed in the model 

formulation. 

5.5.5 Predictions of the analytical model 

The predictions of the analytical models can be compared to those of the FE models. In 

Figure 5.31 the predicted effect of overloads of 100% and 150% on [ / = is shown 

for both the analytical and the FE model. It can be seen that for < 0.5 the analytical 

model clearly overpredicts the closure level compared to that found in the FE model, with a 

prediction of [ /= 0 for some distance subsequent to the application of the overload. This 

prediction arises because the predicted size of the overload-induced hump is greater than the 

predicted crack opening at the specific distance behind the crack tip. In fact, for closure to 

occur the crack has to grow some distance into the overload plastic zone before the residual 

deformation will lead to crack closure, and the instant onset of closure implied by the 
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analytical model is unrealistic. Furthermore, from Figure 5.3 it can be seen that when the 

overload induced hump is near to the crack tip, the residual blunting of the crack by the 

overload effectively increases the crack opening. After further crack propagation the opening 

becomes dominated by the elastic displacements, and the blunting becomes less important. 

As this feature is not included in the model formulation the overprediction of the crack 

closure level immediately following the application of the overload is understandable. As 

such the analytical expression can only be considered to represent the situation where a 

significant amount of crack growth has occurred subsequent to the overload. For > 

0.5 it can be seen that the general agreement between the two models is reasonable with the 

magnitude of increasing closure with increasing overload ratio exhibited by the FE results 

being well reproduced by the analytical model. 

In Figure 5.32 the predictions of the analytical model are compared to the FE model for a 

100% overload from a baseline stress intensity factor range of 12, 8 and 4 MPaVm. It can be 

seen that when normalised by the overload plastic zone size the analytical model predicts no 

dependence of closure on the baseline AfT. Apart from a small dependence of closure on 

in the FE models (discussed previously) the quantitative agreement between the two 

models is apparent. The lack of baseline dependence in the analytical model is consistent 

with the notion that the relevant deformations (i.e. the wedge of the plastically deformed 

material due to the overload and the opening of the crack) should scale with the loading (c.f. 

the model of constant amplitude PICC of Budiansky & Hutchinson [1978] discussed in 

section 2.4.1). 

In Figure 5.33 the response of the analytical and FE models to changes in the overload ratio 

are shown for a deflected crack (length of the deflected section Z, is 150 |Lim). Given that the 

deflected section is relatively large compared to the wedge induced by overload plasticity, the 

analytical solution used is that given in Equation 5.22. An obvious difference between the 

two solutions is the lack of any constant amplitude RICC effects in the analytical expression 

which clearly exist in the FE solution. In terms of the overload-induced closure response, the 

FE models do not exhibit any reduction in closure levels with deflection, whilst some 

influence is seen in the analytical models (i.e. the closure levels found in the FE models of 

the deflected and undeflected cracks were similar for this particular crack geometry, whereas 

the analytical models show a reduction in closure level due to crack deflection). As such the 

quantitative agreement between the models is not good in this case. A better quantitative 

agreement would be attained if the approach associated with Equation 5.24 was included, i.e. 

if a reduction in opening due to an overload induced mode II offset was modelled. For 
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example, by considering Figure 5.34 which shows a comparison of the post-overload 

behaviour predicted by the different analytical model solutions, it can be seen that the 'large' 

and 'smair deflection solutions cover a relatively large range of possible closure responses. 

Further work would be worthwhile to pursue a further understanding of the transition in 

behaviour from one case to the other with changing fracture surface morphology. 

In Figure 5.35 the effect of the length of the deflected section on the closure level is shown. 

The FE results are for the large and small (150 and 37.5 p,m) deflections, with a 100% 

overload from 12 MPaVm. The analytical solutions are based on Equation 5.22 for the 

large deflection (i.e. mode 11 offset not considered) and Equation 5.24 for the small deflection 

(i.e. mode n offset considered with a value of of 0.6). The general trend in the solutions 

of increasing closure with deflections of a size, such that residual mode II displacements 

become important in enhancing crack closure, is well represented. The quantitative 

agreement between the FE and analytical solutions for the crack with the smaller deflected 

sections is reasonable, supporting the proposed mechanism of the enhancement of overload 

effects through crack roughness. 
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5.6 Comparison with previous results 

5.6.1 Modelling results 

The general behaviour of the undetected crack FE model can be compared to a similar FE 

modelling study of Fleck & Shercliff [1989], shown in Figure 5.36. In both studies cracks in 

CCP specimens are considered under plane strain, small scale yielding conditions, with the 

application of a single 100% overload, (^ = 0 in the Fleck & Shercliff model compared to 0.1 

in the present study). In general, the comparison between the two studies is close, with two 

main differences apparent: (1) The Fleck & Shercliff model exhibits a baseline (pre-overload) 

closure level, whereas the present results are closure free, and (2) the values of [/ are 

approximately 0.15 lower in the Fleck & Shercliff study than in the present results. The first 

discrepancy can be explained by the definition of the closure point used in the two studies. In 

the present study, closure is based on contact at the second node or further behind the crack 

tip in order to avoid the potentially spurious behaviour of the near-tip node, as discussed in 

Chapter 3. However the Fleck & Shercliff model does consider closure at the first node 

behind the tip, giving rise to a potentially questionable baseline closure level. The second 

discrepancy may also be influenced by this factor, with post-overload closure occurring 

slightly earlier at the first node behind the crack tip, but may also be related to the hardening 

behaviour assumed in the two studies. In the Fleck & Shercliff model, elastic-perfectly 

plastic behaviour was assumed, whereas in the present model kinematic hardening was 

implemented. Thus the higher closure levels exhibited by the Fleck & Shercliff model are 

consistent with the trend of increasing post-overload closure level with decreasing hardening 

modulus exhibited by the present model. 

A comparison to U values predicted for the same specimen geometry and loading variable 

can be made between the present FE results and the analytical results of Xu [2000] (Figure 

5.37). These analytical results come from a discretised strip yield model similar to the 

approach of the FASTRAN programme [Newman, 1992], and utilise a constraint factor in a 

similar manner to account for the stress state at the crack tip. For the results presented the 

constraint factor has a value of 3, representing plane strain conditions. It can be seen that the 

values of U following the overload are similar for both values of the overload ratio for both 

modelling methods, and that the relative increase in shielding with increasing overload ratio 

is consistent. There is some discrepancy in the occurrence of the maximum shielding, which 

the analytical model predicts to occur at = 0.5, compared to 0.2. for the FE results. 

Also, the analytical model predicts a faster return to baseline closure levels, with retardation 
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lasting approximately two overload plastic zones. This apparent over-prediction of the 

retardation distances in the FE model is again consistent with the notion that closure away 

from the immediate crack tip region will not entirely isolate the crack tip material in the FE 

model. 

Although a direct comparison cannot be made, the predicted effects of the hardening modulus 

on the closure behaviour in the present FE results (as shown in Figure 5.6) can be seen to be 

consistent with the FE modelling results of Pommier & Bompard [2000], which show 

decreased post-overload closure levels with increasing hardening modulus, when using a 

kinematic hardening rule. This behaviour is physically reasonable in that the extent of crack 

tip plastic deformation, and hence the reduction of crack opening in the wake, will diminish 

with increasing hardening modulus, resulting in reduced crack tip shielding. 

5.6.2 Experimental results 

The response of the FE model to an increase in overload ratio can be compared to 

experimental data which has been reported for 100% and 150% overloads, with baseline 

loading ofAK^= 8 MPaVm, 7̂  = 0.1, in2124-T351 [Venkateswara Rao & Ritchie, 1988]. 

Under these loading conditions, the constant amplitude fatigue fracture surfaces in 2124-

T3 51 were observed to be fairly planar, without extensive crack deflection, and, as such, the 

material may provide a reasonable comparison to the present undeflected crack FE models. 

The experimental data was presented in terms of 6/ayW/ rather than and hence the model 

data must be transformed to allow comparison. However, by making some simplifying 

assumptions, a relationship between the normalised grovW:h rates and the value of in the FE 

models can be found. Specifically, if a constant value of the Paris exponent m is assumed 

across the range of AA7 which will operate, then from the Paris law, the normalised fatigue 

crack growth rate is. 

(5.27) 

M M 

where and are the values of for the overload and baseline tests. In the present 

undeflected crack models = 1, hence the normalised crack growth rate is simply 

and comparison to the experimental results can be effected. This is shown in Figure 5.38 

with /M = 2.5. The gradient of the constant amplitude log vs log AAigp/, curve for 2124-

T351 presented by Venkateswara Rao & Ritchie [1988] does in fact vary somewhat over the 

range of applied AA7, from approximately 2.5 for in the range 4 - 6.5 MPaVm, to 

approximately 5 for in the range 6.5 to 8 MPaVm, f o r = O.I. However, for the purpose 
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of a qualitative comparison this approximation will suffice. Furthermore, in ± e experimental 

results a baseline closure level does exist, hence even if the actual post-overload closure 

levels were identical in the experimental and FE results, the normalised crack growth rates 

would be different. As such, it must be stressed that the purpose of presenting the FE and 

experimental results in this way is to allow a first order comparison of the post-overload 

fatigue crack growth rate behaviour, and not to effect an accurate quantitative comparison. It 

can be seen in Figure 5.38 that the relative change in the growth rate predicted by the FE 

models on going from a 100% to a 150% overload is of the correct order of magnitude, when 

compared to the experimental results. Furthermore the predicted normalised distance from 

the point of the overload to the point at which the minimum grovyth rate occurs compares 

well to that found experimentally. It can seen that the total affected distance is greater in the 

present modelling results than for the experimental results, where the baseline growth rate is 

restored after the crack has grown through approximately 2 overload plastic zones. This is 

consistent with the overprediction of crack tip shielding by the contact based closure 

definition for instances where closure occurs far from the tip, as discussed previously. 

In Figure 5.39 the response of 2024-T351 to 100% overloads at R = 0.1, - 12 and 8 

MPaVm, fi-om plain (i.e. non-side-grooved) 12 mm thick specimens sized for nominally plane 

strain conditions, is shown. The data have been taken from a test programme in which 

closure assessment is made via non-subjective measurement techniques [Xu era/, 1999]. The 

results are again presented in terms of normalised crack growth rate, as described above. For 

- 8 MPaVm, post-overload drops to approximately 10% of the baseline value, 

whereas for = 12 MPaVm it drops to approximately 2%. This behaviour is clearly not 

seen in the FE results, where little efkct of baseline AAT is found. These results could 

indicate that the experimental post-overload retardation is strongly influenced by factors not 

represented by the FE models. As discussed in Chapter 2, experimental investigations of the 

effects of baseline stress intensity factor have revealed complex behaviour. As 

decreases, oxide and roughness induced crack closure mechanisms may become increasingly 

significant in enhancing post-overload retardation [Venkateswara Rao & Ritchie, 1988, 

Ward-Close & Ritchie, 1988], with &z/W also being highly sensitive to small changes in 

AA;^^[McEvily & Yang, 1990]. At higher post-overload PICC effects may increase 

with increasing A^̂ gz,; the crack tip stress state becomes more plane stress in nature (with 

associated increase in plastic closure effects). Indeed, although the specimens used in the 

experimental investigation were sized for nominally plane strain conditions, there will be a 

region at the surfaces where plane stress conditions will exist. These plane stress regions 

may be relatively small but can have a significant effect on the resulting closure. A similar 
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comparison to experimental results using side-grooved specimens (Figure 5.40, [Xu ef a/, 

1999]) in which ± e plane stress regions are effectively removed show a much better 

agreement with the present modelling results in terms of the distance to minimum growth rate 

as well as the rate of return to baseline behaviour, indicating that the plane stress regions do 

have a significant effect. There is still a discrepancy in that a greater reduction in normalised 

growth rate is found to occur for = 12 MPaVm compared to = 8 MPaVm, as for 

the standard specimens. It should be noted however that there is a degree of experimental 

uncertainty in measuring the minimum growth rates. In particular, due to the higher baseline 

growth rates, the test performed at = 12 MPaVm is more sensitive to a given relative 

reduction in compared to the = 8 MPaVm test. This may explain in part the 

apparently greater retardation at higher baseline level. 

A qualitative comparison of the effects of crack deflection predicted by the FE model to 

experimental data is shown in Figure 5.41. The experimental data shows the variation in 

normalised grovyth rate with increasing crack length for 150% overloads fi-om baseline 

loading of = 8 MPaVm, = 0.1 for centre cracked panels, sized for plane strain 

conditions (but without side-grooves), of 2090-T8E41 and 2124-T351. Fatigue crack paths in 

2090-T8E41 were found to be significantly deflected, whereas the crack paths in 2124-T351 

were found to be much more planar [Venkateswara Rao & Ritchie, 1988]. The FE data is for 

100% overloads &om baseline loading of = 12 MPaVm, / ( = 0.1, for an undeflected 

crack, and for the small asperity size deflected crack, with the closure data being transformed 

to growth rate data as detailed above. It can be seen that the alloy which exhibits significant 

crack deflections shows greater sensitivity to the overload than the alloy which does not. The 

basic trends compare well to those exhibited by the FE models with analogous fracture 

surface morphologies. 
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5.7 Summary and conclusions 

The FE modelling approach has been extended to investigate the effect of a single spike 

overload on the fatigue crack driving force. In particular; 

• An initial baseline study of undetected crack growth has been performed to enhance 

understanding of the role of loading and material parameters in overload-induced crack 

closure. 

• Comparison of these baseline results to numerical, analytical and experimental results 

from the literature has demonstrated the physically reasonable behaviour of the model 

and has established confidence in the results. 

• A detailed investigation of near-tip conditions has confirmed that closure does have a 

significant effect on the near-tip strain field, and that based on crack face contact is 

a reasonable estimate of crack driving force, at least for situations where closure occurs 

near to the crack tip. 

9 An investigation into the overload-induced crack closure behaviour of deflected cracks 

has shown little effect of crack deflection for the primary crack morphology studied. 

« A significant increase in post-overload closure has been found for crack morphologies in 

which the wedge of overload plasticity extends over many asperities. This result is 

explained through the reduction in crack opening of a deflected crack that arises when a 

residual shear displacement of the firacture surfaces exists. 

» Analytical modelling which uses LEFM concepts to describe the overload-induced 

deformation, the opening of the crack and the effect of this shear displacement has been 

formulated, and shown to exhibit reasonable agreement with the FE results. 

» The assumptions used have been verified through comparison to the FE models, and as 

such the analytical model can be considered to support the proposed mechanisms through 

which crack roughness can influence the retardation effect of an overload. 

• The results of the analytical and FE modelling have been shown to be consistent with 

various results from the literature. 
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Model Number Hardening modulus MPaVm 

1 0 0 .07^ 12 

2 100 0 .07^ 12 

3 150 0 .07^ 12 

4 100 0.035 ^ 12 

5 100 0 .07^ 8 

6 100 0 .07^ 4 

Table 5.1. Model matrix for the FE investigation of single spike overloads on undetected 

cracks. 

Model 

Number 

Hardening modulus 

MPaVm 

L, |im Location of 

OL 

7 0 0.07 E 12 150 turning point 

8 100 0 .07^ 12 150 turning point 

9 150 0.07 12 150 turning point 

10 100 0.035 f 12 150 turning point 

11 100 0.07 E 8 150 turning point 

12 100 0.07 f 4 150 turning point 

13 100 0 .07^ 12 37.5 turning point 

14 100 0.07 f 17 150 turning point 

14 100 0 .07^ 12 150 mid-point 

15 100 0 .07^ 12 150 1/4 point 

16 100 0 .07^ 12 150 3/4 point 

Table 5.2. Model matrix for the FE investigation of single spike overloads on 45° deflected 

cracks. 

^ ( B L ) , MPaVm p,m h(analytical)^ JJ.m (analytical) 

100 12 3.0 4.1 0.73 

150 12 5.4 7.2 0.75 

100 8 1.4 1.8 0.77 

100 4 0.28 0.46 0.61 

Table 5.3. Comparison of the values of A, the height of the wedge in the crack wake due to 

overload plasticity, evaluated from the FE and analytical models. 
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Chapter 5 : Modelling RICC under variable amplitude loading (Figures) 
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Figure 5.1. General behaviour of the present FE model of an undetected crack for AK = 1 2 

MPaVm, i? = 0.1, 100% overload (applied at Aa/rp^oi) = 0). 
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Figure 5.2. Effect of overload ratio on the crack closure behaviour for an undetected crack. 
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Figure 5.3. Maximum load crack profiles for an undetected crack, for different overload 

ratios. 
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Figure 5.4. Effect of overload ratio on crack closure behaviour of a deflected crack. Dotted 

lines show undeflected crack behaviour. 

143 
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Figure 5.5. Maximum load crack profiles for different overload ratios for a deflected crack. 
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Figure 5.6. Effect of hardening modulus on the crack closure behaviour for an undeflected 

crack. 
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Figure 5.8. Effect of hardening modulus on crack closure behaviour for a deflected crack. 
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Figure 5.9. Maximum load crack profiles for different hardening moduli for a deflected 

crack. 
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Figure 5.10. Effect of baseline stress intensity factor range on crack closure behaviour, for an 

imdeflected crack. 
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Figure 5.11. Maximum load crack profiles for different basehne stress intensity factor 

ranges, for an undeflected crack. 
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Figure 5.12. Effect of baseline stress intensity factor range on crack closure behaviour for a 

deflected crack. 
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Figure 5.13. Maximum load crack profiles for different baseline stress intensity factor ranges 

for a deflected crack. 
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Figure 5.14. Effect of asperity size on crack closure behaviour for a deflected crack. 
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Figure 5.15. Crack profile at the closure point for a deflected crack with Z = 37.5 |im. 
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Figure 5.16. Crack profile at the closure point for a deflected crack with 2 = 1 5 0 p.m. 
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Akj^fn(AK, 6) 

Figure 5.17. Schematic illustration of overload-induced crack closure on a single deflected 

section. A hump of height h (shaded region) exists in the crack wake due to the overload. 

The hump is small in comparison to the length of the deflected section. 
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Figure 5.18. Schematic illustration of overload-induced crack closure on a multiply deflected 

crack. A hump of height h (shaded region) exists in the crack wake due to the overload. 

The length of the deflected section is small compared to the overload induced hump. 
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Figure 5.19. Effect of the ratio of asperity size to overload plastic zone size on crack closure 

behaviour for a deflected crack. 
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Figure 5.20. Effect of the location of the point of application of the overload relative to the 

crack deflections on crack closure behaviour. 
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Chapter 5: Modelling RICC under variable amplitude loading (Figures) 
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Figure 5,21. Crack profiles at the closure point for a deflected crack with the overloads 

applied at different positions relative to the crack deflections. 
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Figure 5,22, Characterisation of closure effects through effective values of U= AKej/AKapp 

based on contact (UCONTACT), cyclic crack tip opening (UCTOD) and cyclic crack tip strain (US). 
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Figure 5.23. Variation of strain normal to the crack face, measured at various locations ahead 

of the crack tip. 
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Figure 5.24. Near-tip and far-field crack closure levels for a deflected crack undergoing an 

overload. 
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Figure 5.25. Offset strain and displacement plots for strain gauges located near the crack tip 

and near the location of the overload, and a displacement gauge located at the crack 

mouth. 
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Figure 5.26. Deformed hump of material of height hat a distance / behind the crack tip, 

where the elastic opening of the crack at maximum load is Uy. 
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Figure 5.27. Schematic illustration of ± e reduction of crack opening of a deflected crack due 

to a residual shear displacement of the fracture surfaces. 
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Figure 5.28. Plot of the deformed crack wake at following a 100% overload (applied 

when the crack tip was 2000 urn behind its current position. The method of determining /z 

from the FE solution by comparison to the elastic crack opening is illustrated. 
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Figure 5.29. Compressive yielding (shaded area shows elements which are actively yielding) 

of the overload induced hump in the wake of an undeflected crack, shown at minimum 

load. The overload was applied when the crack tip was at point A, ahead of which a large 

amount of compressive yielding can be seen. The current crack tip is at point B. 

-25 -

Relative shear of upper to 
lower fracture surface 

Crack face contact 

Displacement magnification x30 

r, |am 

Figure 5.30. Deformed fracture surfaces at the onset of closure of a deflected crack ( i = 37.5 

|im, 9 = 45°). The contact of the fracture surfaces is consistent with an overload induced 

global shear of the fracture surfaces as shown. 
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Figure 5.31. Comparison of the analytical and FE element models of tlie effect of variations 

in the overload ratio on observed closure response. 

1.0 

O.g 

0.6 

0.4 

0.2 

0.0 

Undetected crack 
100% overload 

1/2 
'^(BL) - 12 MPa m 

'AK(BL) ~ 8 M P a 

4 MPa m 1/2 

-1 

^LRP(OL) 

Figure 5.32. Comparison of the analytical and FE element models of the effect of variations 

in tlie baseline stress intensity factor range on observed closure response. 
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Figure 5.33. Comparison of the analytical and FE element models of the effect of variations 

in the overload ratio on observed closure response of a deflected crack. 

1 , 0 -

0.6 

0,4 -

0 ,2 -

0 , 0 -

- 1 

I 

IL 

jR = 0 1 

100% overload 

Undeflected crack 
Large asperity deflected crack 
Small asperity deflected crack 

1 2 

Figure 5,34, Comparison of the various predictions of the analytical model, for an 

undeflected crack (based on Equation 5.20), a deflected crack where tlie asperity size is 

large compared to the overload induced hump (Equation 5.22) and a deflected crack where 

the asperity size is small compared to the overload induced hump (Equation 5.24). 
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Figure 5.35. Comparison of the analytical and FE element models of the effect of variations 

in the projected length of the deflected section on observed closure response. 
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Figure 5.36. Comparison of present FE results to FE results of Fleck & Shercliff [1989] for 

similar specimen geometry and loading conditions. 
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Figure 5.37. Comparison of the effect of changes in overload ratio on shielding predicted by 

the analytical model of Xu et al [2000] and present FE results. 
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Figure 5.38. Comparison of the effect of changes in overload ratio on normalised growth rate 

for 2124-T351 [Venkateswara Rao & Ritchie, 1988] and present FE results. 
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Figure 5.39. Comparison of the effect of changes in baseline stress intensity factor on 

normalised growth rate for 2024-T351 [Xu et al, 1999] and present FE results. 
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Figure 5.40. Comparison of the effect of changes in baseline stress intensity factor on 

normalised growth rate for 2024-T351 side-grooved samples [Xu et al, 1999] and present 

FE results. 
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Figure 5.41. Comparison of the effect of changes in crack roughness on normalised growth 

rate for various aluminium alloys [Venkateswara Rao & Ritchie, 1988] and present FE 

results. 
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6 Summary and conclusions 

Finite element and analytical models have been constructed to investigate crack closure 

processes arising from crack deflection, under both constant amplitude and variable 

amplitude loading conditions. The understanding of underlying mechanisms of roughness 

induced crack closure, and their relation to plasticity and crack morphology has been 

substantially increased. 

In terms of the finite element modelling of RICC under constant amplitude loading the 

following conclusions have been drawn: 

9 The anomalous near-tip behaviour of plane strain FE models of propagating fatigue 

cracks has been identified, leading to the adoption of a closure definition based on an 

overall analysis of specimen compliance and crack face contact (excluding the node 

immediately behind the crack tip). 

® Analyses of deflected cracks show an increasing effect of crack path angle on roughness 

induced closure levels in keeping with the simple analytical model of Suresh & Ritchie, 

and the general qualitative understanding of RICC. 

® The length of the crack deflection (or asperity size) has been shown not to be a critical 

factor in determining crack closure levels, above a certain threshold deflection length. 

» Variation of the crack deflection angle and length along the crack path has been shown to 

lead to no significant changes in the crack closure behaviour, in contrast to the previously 

published results of Llorca. 

• The mechanism by which closure occurs has been shown to be dependent on residual 

plastic strains in the wake, and not dependent on the existence of global shear 

displacements of the fi-acture surfaces due to the mixed-mode behaviour at the crack tip. 

« Various experimental observations from the literature have been shown to be consistent 

with the proposed RICC mechanism. Weaknesses in the conventional mechanism of 

RICC have been illustrated, and shown not to affect the newly proposed mechanism. 

® The absolute values of the closure levels have been found to be relatively low compared 

to experimental data, which may be attributed to various simplifications of the modelling 

process. 

9 Slip band simulations show a significant increasing effect of inhomogeneous plastic 

deformation on closure levels, improving the apparent accuracy of the modelling results. 
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ant/ coMc/z/jzoMj 

Based on the proposed mechanism of RICC which has arisen from the constant amplitude 

finite element modelling results, an analytical model of RICC has been formulated. From 

this model the following conclusions can be made: 

• The crack opening behaviour of a propagating plane strain fatigue crack can be 

reasonably approximated by the expression for elastic crack opening. 

« The residual shear deformation of the fracture surfaces can reasonably be expressed as a 

residual crack tip sliding displacement. 

• The predictions of the analytical model agree well with those of the FE models when the 

crack tip is some fixed fraction of the plastic zone size ahead of the deformed asperity. 

® The inability of the analytical model to fully represent the closure behaviour for the 

situation where the crack tip is close to the deformed asperity can be related to (a) the 

requirement of a degree of crack growth before closure can occur, and (b) the potential 

for crack tip blunting which is not fully accounted for in the model formulation. 

9 The analytical model results show a decreasing roughness induced crack closure level 

with increasing applied stress intensity factor range, when coupled with a decreasing 

crack deflection angle, representative of a transition from a crystallographic to ductile 

mode of crack growth. This behaviour has been shown to be consistent with the 

experimental crack closure behaviour typically exhibited by damage tolerant aluminium 

aerospace alloys. 

• The simple formulation of the model (based on well accepted fracture mechanics 

expressions) provides confidence in the new mechanistic description of RJCC proposed 

here. 

The finite element and analytical modelling techniques have been extended to investigate the 

influence of crack deflection on fatigue crack growth under variable amplitude loading, 

leading to the following conclusions: 

« A baseline study of undeflected crack growth has been performed, leading to an enhanced 

understanding of the role of loading and material parameters in overload-induced crack 

closure. Comparison of these baseline results to numerical, analytical and experimental 

results from the literature has demonstrated the physically reasonable behaviour of the 

model and has established confidence in the results. 

• A detailed investigation of near-tip conditions has confirmed that closure does have a 

significant effect on the near-tip strain field, and that A&'gy based on crack face contact is 

a reasonable estimate of crack driving force, when closure occurs close to the crack tip. 

" An investigation into the overload-induced crack closure behaviour of deflected cracks 

has shown little effect of crack deflection for the primary crack morphology studied. 
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A significant increase in post-overload closure has been found for crack morphologies in 

which the wedge of overload plasticity extends over many asperities. 

The dependence on asperity size has been explained through the relative reduction in 

crack opening of a deflected crack that arises due to a given residual shear displacement 

of the fracture surfaces. 

An analytical model which uses linear elastic fracture mechanics concepts to describe the 

overload-induced deformation, the opening of the crack and the effect of this shear 

displacement has been formulated, and shown to exhibit reasonable agreement with the 

FE results. 

The assumptions used in the analytical model have been verified through comparison to 

the FE model, and as such the analytical model can be considered to support the proposed 

mechanisms through which crack roughness can enhance the retardation effect of an 

overload. 

The results of the analytical and FE modelling have been shown to be consistent with 

various results from the literature. 
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6.1 Recommendations for further work 

In terms of the finite element modelling, the following areas in which further work may be 

beneficial have been identified: 

* The implementation of crack surface fhctional eHects may improve the accuracy of the 

model, particularly for the assessment of how the near-tip conditions vary during the 

portion of the loading cycle below Ac/. 

9 Further parametric investigation of the effect of the loading and material parameters, for 

crack morphologies where crack deflection does have a significant effect on post-

overload crack closure, may yield additional significant insights into the RICC 

mechanism. 

a A more explicit quantification of the transition from 'large asperity' behaviour to 'small 

asperity' behaviour, in terms of variable amplitude fatigue, would be beneficial. 

In terms of an extension of the analytical modelling, the following areas have been identified: 

« For the constant amplitude RICC model, the deformation of the asperity is dependent. 

Feedback of the effect of crack closure on the effective R ratio may yield a more 

accurate/realistic functional dependence in the model. 

« Integration of the constant amplitude model into the variable amplitude model may lead 

to an improved representation of the overall RICC behaviour. 

« In terms of a reflection of the actual material behaviour, the analytical models may 

benefit from some inclusion of plasticity induced crack closure effects. 

Finally, in terms of the overall study of RICC, the work would benefit from an experimental 

assessment of the proposed mechanisms of RICC under constant and variable amplitude 

loading. In particular, examination of the residual deformation in the specimen mid-thickness 

(using modem imaging techniques such as high resolution tomography/ synchotron x-ray 

microtomography), may help clarify the validity of the closure mechanisms proposed here. 
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Appendix A Implementation of the FE model 

In this work FE models of deflected and undetected fatigue cracks under constant and 

variable loading histories have been designed and studied. The majority of the information 

on the implementation of these models is detailed in Chapter 3. In this appendix some 

supplementary details concerning the model implementation is presented. 

A.l Loads and boundary conditions 

In the models the loads were applied to the specimen along the top and bottom faces. For the 

loading and crack geometry as above, the common solution for in a CCP gives 

( 7 = — ^ = = (A.l) 

where the shape factor C is, 

C = I— = , = = 1.02 (A.2) 

Hence the applied load P is given by 

f = = 2J. X 70" X 0.007J x 0.07J = 7 4 (A.3) 

The load was distributed over 36 elements an each face, hence the applied load per element 

was 14.4 kN 4- 36 = 400 N. This load was actually applied at the nodes, hence the load for 

each element was split between its two surface nodes. Thus at each surface node, there was a 

contribution of 200 N from each adjacent element. In total then, the load at each node, 

was 400 N except for the nodes at the comers (and on the line of symmetry) where it is 200 N 

(16 f „). As one half of the specimen was modelled ( one quarter for the undeflected crack) 

symmetry boundary conditions are enforced. One node on the back face is also constrained 

to prevent any free body motion. 

A.2 Material properties 

Material properties analogous to a high strength aluminium alloy were chosen, i.e. = 370 

MP a, E = 1A GPa, H= 0.01 E, v = 0.33. These were implemented in a linear kinematic 

hardening model. In the models, the mesh unit was 1 jum, and the material properties must be 

defined likewise, i.e. the values that were inputted to the model were, GQ = 0.00037 N(pm)^, 

^ = 0.074 N(nm)^ = 0.00518 N(nm)^ v = 0.33. 
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A.3 Properties of the elements 

Several different types of elements were used within the analysis. To model the plate itself^ 

first order, fully integrated isoparametric quadrilateral elements under conditions of plane 

strain were used (CPE4 in the ABAQUS notation). To enforce the changing boundary 

conditions due to crack propagation and crack face contact, line spring elements were used. 

In the undeflected crack model, SPRING 1 elements were used to tie the nodes ahead of the 

crack tip and to prevent interpenetration behind the tip. These elements act between a node 

and ground, in a fixed direction. The relative displacement across the SPRING! element is 

the \th component of the displacement of the node attached to the spring, i.e. Au =u^. The 

variation of force in the spring with displacement is specified by the user and can be linear or 

non-linear. In the models of the deflected cracks SPRING2 and SPRINGA elements were 

used. These elements act between two nodes, with the line of action of the elements being in 

a fixed direction, and being the line joining the two nodes (which is allowed to rotate). That 

is, for the SPRING2 element, the relative displacement is the difference between the ith 

component of displacement at the first node of the spring and the jfA component of 

displacement of the second node of the spring, i.e. Au = w/ - w . For the SPRINGA 

elements, in a geometrically non-linear analysis, the relative displacement is change in length 

of the element between the initial and current configurations, i.e. Zlu = Z - Zg, where 

/ = - a:') and /g is the value of 1 in the initial configuration, and and are the 

current nodal positions. It should be noted that using this formulation it is possible for large 

strains to develop in the spring elements (i.e. displacements of the order of, or greater than, 

the element size) which may affect the accuracy of the model response. Again, the 

dependence of the force in the spring on the displacement could be non-linear. To prevent 

interpenetration of the crack faces SPRING2 elements were used acting normal to the crack 

surface, such that the elements were stiff in compression. In the standard models, the nodes 

ahead of the crack tip were constrained using SPRINGA elements, acting to restrain the 

nodes in all directions. In the slip band models the nodes ahead of the crack tip were 

constrained using SPRING2 elements acting normal to the fracture surface, with the elements 

being stiff in tension. Additional truss elements were used to restrain the motion of nodes 

ahead of the crack tip. The elements used were 2-node linear displacement truss elements 

(T2D2 in ABAQUS notation). The strain in the truss element in a geometrically non-linear 

analysis is calculated as s = where is the length of the truss in the current 

configuration and dL is the length in the original configuration. 
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A.4 Annotated extracts from typical ABAQIJS input files 

*HEADING 
s/s0=0.081, R=0, CCP specimen, truss psb model 

^PREPRINT,CONTACT^NO,ECHO=NO,HISTORY=N0,MODEL=NO 
^INCLUDE, INPUT=45l:russ.inp 
*MATERIAL, NAME=DTAALIjOY 
*ELASTIC 
0.074,0.33 

APLASTIC,HARDENING=KINEMATIC 
0.00037, 0 
0.0004218, 0.01 

*SOLID SECTION, ELSET=QUADS, MATERIAL=DTAALLOY 
7500 

*MATERIAL, NAME=TRUSS 
*ELASTIC 
0.1,0.3 

APLASTIC 
4.75E-6 

*S0LID SECTION, ELSET=PSB, MATERIAL-TRUSS 
7500 

"BOUNDARY 
SUPPl,1 
SUPP2,2 

Loading Step 
* * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 

* * * * * * * j 
* * * * * * * j 

*******if 
*STEP,INC=10 0 0,NLGEOM 
"STATIC 
0.1, 1, 0.0001, 0,1 
*OUTPUT,HISTORY,FREQUENCY=0 
*CLOAD 

468.28125 
234.140625 
-468.28125 
-234.140625 

*EL FILE,FREQUENCy=l 
S, E, PE 
*EL PRINT,FREQUENCY=0 
"NODE FILE,FRE0UENCY=1 
U 
"NODE PRINT,FREOUENCY=0 
"END STEP 
* * * * * * * * * * * * * * * * * * * * * * * * ^ 

***************** Debonding Step ***** 

LOADTOP, 
HALFTOP. 
LOADBOTT, 
HALFBOTT, 

(Suppress output to the data file) 
(Read mesh data) 
(Matrix material properties) 

(Young's modulus, Poisson Ratio) 

(Yield stress 0, plastic strain 0) 
(Yield stress 1, plastic strain 1) 
(element thickness) 

(Truss properties) 

(Yield stress, no hardening) 
(Truss cross section) 

(apply boundary conditions to previously defined node sets) 

(max no. oE increments, specify non-linear strain displacement relationship) 
(static load step) 
(initial, total, min, max time incs) 
(Suppress output to the odb file) 
(Apply loads to previously defined node sets) 

(Request element output to .fil file) 
(Stress, strain, plastic strain) 
(Request results in text format) 
(Request nodal results) 
(Displacement) 



*STEP,INC=1000 
* STATIC 
0.1, 1, 0.0001. 0.1 
*MODEL CHANGE,REMOVE 
9978 
*EL FILE,FREQUENCY=0 
*EL PRINT, FREOUENCY=0 
*NODE FILE,FREQUENCY=0 
*NODE PRINT, FREQUENCY=0 
*END STEP 

Unloading Step **************** 

k * * * * * * * * * * * * * * * * * * 

I f * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * , * * * * * * * 

* * * * * * * * 
* * * * * * * * 
* * * * * * * * 

*STEP,INC=1000 
*STATIC 
0.1, 0.5, 
*CLOAD 
LOADTOP, 
HALFTOP, 
LOADBOTT, 
HALFBOTT, 

0.0001, 0.1 

234.140625 
117.0703125 
234.140625 
117.0703125 

*EL FILE,FREQUENCY=0 
*EIj PRINT, FREQUENCY=1,ELSET=CRACK 
Sll 
*NODE FILE,FREQUENCY=0 
*NODE PRINT,FREQUENCY=0 
*END STEP 

(Remove tensile spring element at crack tip, to propagate crack) 

(Unload to P/Pmax=0.5, in a minimum of 5 increments) 

*STEP,INC=1000 
*STATIC 
0.025, 0.5, 0.0001, 0.025 
*CLOAD 
LOADTOP, 2, 0 
HALFTOP, 2, 0 

. LOADBOTT, 2, 0 
HALFBOTT,2,0 
*EL FILE,FREQUENCY=:0 
*EL PRINT,FRE0UENCY=1,ELSET=CRACK 
Sll 
*NODE FILE,FREQUENCY=0 
*NODE PRINT,FREQUENCY=1,NSET=GAUGES 
U 
*END STEP 

(Unload to P/Pmax =0, in a minimum of 20 increments) 

(Mrite the forces in the compressive spring elements to the data file) 

(Write the displacement at the gauges to the data file at each increment) 

(This process is typically repeated for 100-300 crack growth increments) 



(exti-act from file containing mesh data) 

"NODE 
1, 

2, 
3, 

-4.83537, 
-1.208B5, 
'2.41769, 

1.27246 
0.318116 
0.636231 

^ELEMENT, TYPE=CPE4 
1, IB, 
2, 20, 
3, 6, 

, ELSET=QUADS 
22, 20, 16000 
21, 16001, 16000 

15000, 9, 10 

(Q4 elements, plane strain) 

* SPRING, ELSET=CRACK1, NONLINEAR 
2 , 2 
0,0 
7.4E5,1000 
^ELEMENT, TYPE=SPRING2,ELSET=CRACK1 
9978.15100.16100 
9979.15101.16101 
9980.15102.16102 

(Tensile spring elements) 
(dof at 1st and 2nd node from which force is calculated) 
(force 0, relative displacement 0) 
(force 1, relative displacement 1) 

*0RIENTATI0N,NAME=PLUS45 
1,1,0,-1,1,0 
*0RIENTATI0N,NAME=MINUS45 
1,-1,0,1,1,0 
^SPRING, ELSET=CRACK3 ,NONLINEAR, 0RIENTATI0N=PLUS45 
2,2 

-7.4E5,-1000 
0,0 
^ELEMENT, TYPE=SPRING2,ELSET=CRACK3 
10197.15110.16110 
10198.15111.16111 
10199.15112.16112 

(Define local orientations) 

(Compressive spring elements) 

* ELEMENT, TYPE=T2D2,ELSET=PSB 
10301.15183.16183 
10302.15184.16184 
10303.15185.16185 

(Plastic truss elements) 


