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Abstract 

ABSTRACT 

This thesis describes numerical studies undertaken principally to determine the effect 
of external mechanical loads and creep on RS (residual stresses) generated from a 
cold expansion process. These studies ended with predictions of fatigue crack growth 
within RS to analyse the benefit of cold expansion of fastener holes. 

The first aim is to determine the RS field introduced by cold expansion on a new 
aluminium alloy at room temperature. The second aim is to study the effect of 
mechanical loading at room and high temperature on the RS. The final aim is to study 
the effect of mechanical loading on plates containing cracks emanating from the hole 

edge in order to compare fatigue lives for cold expanded and non-cold expanded 
holes. 

First, a finite element (FE) simulation was used to simulate the expansion produced 
by an oversized mandrel pulled through the hole. The mechanical proper-ties were 
obtained from experiments. The RS show a complex three-dimensional distribution 

resulting from combinations of radial and axial plastic deformation. The simulated RS 
distribution is in agreement with experimental measurements obtained by Sachs 
boring and X-Ray diffraction. 

Application of tensile loads to cold expanded holes at room temperature showed 

a superposition of RS and mechanical loading, while compressive loads lead to 

redistribution of RS. Mechanical loading of cold expanded holes at high temperature 
(150T) showed relaxation of the RS. This creep relaxation of RS is faster close to the 
hole edge, but smaller when compared to application of compressive loads. 

Fatigue crack growth is predicted from stress intensity factors obtained from FE 

simulations. Several external loads, crack geometry and RS distributions are studied 
using both two-dimensional and three-dimensional FE simulations. The prediction of 
fatigue life show longer lives for cold expanded holes in comparison to non-cold 
expanded holes. 

The prediction of RS using FE has been validated using experimental X-ray 
diffraction and Sachs boring measurements. A new experimental method known as 
the Garcia-Sachs method was developed to measure non-axisymmetric RS in 

cylindrical components. This method has been used to measure RS around cold 
expanded and non-cold expanded holes in plates subjected to external loads and/or 

creep. 
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Chapter I. - Introduction 

Chapter 1 
INTRODUCTION 

This introduction first describes the motivation for carrying out this research. 

Next, a description of the cold expansion process is presented, describing in 

more detail the split-sleeve method currently used in commercial applications. 

The material investigated is a new aluminium alloy designated Al 2650, 

designedfor creep resistance. A short description is provided of tests carried 

out to find the material behaviour. Finally, an introduction to the FE 

simulations and experimental techniques used during the 'research is given. 

The thesis is therefore divided in two sections describing the simulations and 

experiments, mainlyfocused on a new method developedftom the Sachs boring 

technique. 

LL Motivation 

Mechanical joints incorporating pins, bolts or rivets through holes are commonly used 

in aircraft structures. These joints enable easy assembly and dismantling, they are also 

able to transfer as well as to distribute the loads applied to the structure. The major 

drawback of such joints is that the fatigue life of the component is reduced by the 

presence of the hole. This is a direct consequence of the stress concentration that 

occurs when the plate containing the hole is subjected to a far field load during the 

flight as shown in figure 1.1 a. This stress distribution around the hole is described by 

Sternberg and Sadowsky (1949) and Greenwood (1989). The higher stress around the 

hole is found in the direction normal to the applied load (0=90) for tangential stress. 

This tangential stress near the hole may be reduced by increasing the panel section, or 
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by reinforcing the hole by introducing compressive residual stresses around its edge 

as shown in figure 1.1 b. The combination of compressive residual stresses and far 

field loads result in a lower tensile tangential stress at the hole edge in the position 

normal to the loading direction (0=90') as shown in figure 1.1 c. 

The option of introducing compressive residual stresses has been used in recent years 

by employing several techniques to introduce a residual stress field around the hole as 

shown in figure 1.1 b. Some of the techniques used are: 

Interference fit fastener. An oversized bolt is forced into the hole. (Hsu and 

Forman, 1975, Rich and Impellizzeri, 1977, and Segerfro*'jd and Blom, 1999) 

(ii) Oversized and interference fit fastener. An oversized titanium bolt is pushed into 

the hole to expand it. The final decrease in section of the bolt once pushed 

through allows relief of the expansion applied but still ensures some degree of 

interference. (Duprat et al., 1996). 

(iii) Cold expansion by means of a tapered mandrel and pin roller bearings. (Hermann 

and Reid, 1991, Hermann and Moffat, 1991 and Hermann, 1994). 

(iv) Split-sleeve cold expansion. A pre-lubricated split sleeve is positioned to reduce 

friction and contact defects before a tapered mandrel is pulled through the hole. 

(Mann et al., 1989 and Ozdemir and Edwards, 1996). 

(v) Combinations of cold expansion and ring indentation near the fastener hole. Ring 

punches are indented around the hole to generate additional compressive residual 

stresses. (Lim et al., 1998) 

(vi) Solid sleeve cold expansion. A tapered mandrel is pulled through the hole 

protected by a closed sleeve. The sleeve is therefore cold expanded and can be 

left in the hole. (Moore, 1978) 

(vii) Bushing cold expansion. A bush is installed between hole and mandrel with a 
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high interference fit. Its higher yield limit allows higher compressive tangential 

residual stress to be achieved. (Reid, 1997 and Reid et al., 1997). 

(viii)Split-mandrel cold expansion. A sleeveless tapered hollow mandrel with four 

longitudinal slots is used for the expansion. The slots make the mandrel 

collapsible for installation purposes. (Leon, 1998). 

The use of the cold expansion process has been widely accepted by the civil aircraft 

industry as a safety factor for crack retardation but its effect has not been included 

during design. The benefit achieved in modifying the local stress distributions is 

schematically shown in figure 1.1 c when compared to 1.1 a. The retardation, or even 
0 

arrest, of cracks emanating from fastener holes has become a detailed research field in 

engineering as described by Petrak and Stewart (1974). 

One, of the diagrams used to show the benefit of cold expansion is shown in 

figure 1.2 for Al 2024 (data obtained from Priest, 1997 and Metals Handbook, 1987), 

where the number of cycles to fatigue failure are shown for different applied stresses. 

As a reference, the fatigue failure curve for a plate without a hole is included and 

compared to open and filled holes. A difference is made between filled holes with and 

without interference also known as neat fit fasteners. Fatigue failure occurred for a 

shorter number of cycles in plates containing reamed open non-cold expanded holes 

than in neat fit fasteners in cold expanded holes. Cold expanded holes in some cases 

improved the behaviour in comparison with a plate without a hole. During this 

research, open holes are studied, as they are conservative in comparison to filled 

holes, and because of simplicity in theory, simulation and experimentation, the 

reasons given by Lacarac (2000). 

In a typical wide-bodied civil aircraft more than 3 million fastener holes are cold 

expanded. This implies a significant time and money effort in installation during 
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aircraft assembly (Jupp and Price, 1998). Supersonic transport (SST) aircraft, such as 

Concorde, are subjected to the effect of higher temperatures (Polmear et al., 1996) and 

there is concern that the beneficial residual stresses from cold expansion may relax 

due to creep. Creep relaxation of residual stresses has been examined widely for shot- 

peening residual stresses as shown in figure 1.3 for steel cylinders (Lillamand and 

Barrallier, 1996). Stress relaxation was produced in the area were the residual stresses 

were more compressive. Therefore a complete study of creep relaxation is needed to 

assess the benefit of cold expanding for SST. 

1.2. Background 

During the three-year period (1993-1995) at the University of Bristol, a similar 

project was carried out using analytical and numerical studies by Poussard (1995) and 

experimental studies by Priest (1997). These studies examined aluminium alloy 2024, 

using the split-sleeve cold expansion process marketed by Fatigue Technology Inc. 

(FTI, 1991). They also examined the fatigue crack growth of both cold expanded and 

non-cold expanded holes at room temperature. Finite element analyses (FEA) were 

combined with experimental tests. 

A large number of suggestions for further work were produced, which the current 

project has examined. 
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1.3. Introduction to the Cold Expansion Process 

Cold working is defined as a procedure applied to a sample at or near room 

temperature in order to introduce plastic deformation in some areas of the sample. In 

order to produce this plastic deformation the yield stress (aY') must be achieved within 

the specimen during the forward loading process. The unloading or reversed loading 

process is usually elastic until an equilibrium state is achieved between residual 

stresses and plastic deformations. It is possible that the reversed yield stress (cTy") is 

achieved during unloading producing a new plasticity effect known as reyielding. 

Cold expansion is a cold working process where a hole is plastically deformed by 

expansion of its radius. 

A representation of the cold expansion of circular discs is shown in figure 1.4 

where the behaviour of two parallel bars of the same cross-section but different 

lengths are subjected to elastic-plastic deformation. Both bars are subjected to the 

same applied displacement. The short bar 'a' and long bar V are similar to two circular 

strips of material near the hole and outer edges respectively, also shown in figure 1.4. 

Strain is a function of displacement and length, hence the two bars sustain different 

stresses during a first state of elastic loading, the short bar 'a' being subjected to higher 

stresses. Therefore, a second state can be achieved where bar 'a' yields in tension. The 

third state of elastic unloading follows until an equilibrium is achieved between the 

two bars (long bar V in tension, short bar V in compression). However, during 

unloading a fourth state can be achieved where short bar 'a' reyields in compression. 

This example helps to understand how to produce compressive residual stresses when 

applying a tensile expansion and the four steps involved in cold expansion. The 

examination of inner and outer rings of a disc to be cold expanded, could be 
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interpreted as a two bar model with the hole edge (r--a) being a short bar of length 'a' 

and the outer edge (r=b) of the disc a long bar of length V. 

In figure 1.5 the same steps are shown for the stresses across the section of a cold 

expanded disc, from the hole edge (r=a) to the outer edge (r==b). Cold expansion, a 

cold working process, is the term used to describe the introduction of radial plastic 

deformation around a hole as follows. The stresses are plotted as a function of radius 

when an internal pressure (p) is applied at the hole edge. This produces compressive 

radial stresses within the disc. The elastic distribution of radial and tangential stresses 

follows the equations given for a thick walled cylinder as described by Timoshenko 

and Goodier (1987). The plastic region expands from the hole edge (r=a) to a 

distance (r=p') as a function of the pressure applied, the material thickness and the 

mechanical properties of the material. Once the maximum expansion is achieved, the 

internal pressure is removed so that the material recovers elastically until an 

equilibrium state is achieved. During the removal of pressure, reyielding may occur. 

The evolution of the tangential and radial stresses near the hole edge are plotted 

in figure 1.6 during the expansion process. For simplicity, a perfectly plastic material 

yield surface and plane stress are assumed. In cold expansion yielding is achieved 

with multiaxial stresses while stresses in the simple two-bar model were uniaxial. 

As described earlier different Processes can be used to cold expand holes. The 

process used depends on the geometry of the hole, from narrow tubes to holes in thin 

plates. For example the split-sleeve method has been used in the civil aircraft industry 

f6r over twenty years. FTI created a standard process for specific hole diameters and 

expansion values providing the sleeves, mandrel and other accessories to complete the 

operation. This standard process was the result of a collaboration between FTI and the 

American aircraft company Boeing and is the method examined in this study. 

In the split-sleeve method, an oversized tapered mandrel is pulled through the 
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hole so that the movement in the axial direction causes an increase in radial dimension 

of the hole. A partial section through the FTI split-sleeve cold expansion is shown in 

figure 1.7. A lubricated split-sleeve is placed in the hole to reduce friction and to 

avoid direct contact between the mandrel and the hole surface. The split in the sleeve 

opens slightly during the expansion. This opening is proportional to the radial 

displacement, or expansion, of the hole. The mandrel is made of hardened stainless 

steel of high stiffness and therefore can be considered to remain undeformed. The 

nominal degree of cold expansion can be defined as: 

%cw= 100x(mmd+2xst-hd)lhd 

where I 

(1.1) 

% cw is degree of cold expansion, mmd is maximum mandrel diameter, st is sleeve 

thickness and hd is hole diameter. 

During this research aluminium plates of thickness h=6 mm and hole radius a=3 mm 

were 4% cold expanded using the split-sleeve method. 

26 



Chapter I. - introduction 

1.4. Structure of thesis 

This thesis is divided into two parts: part A, corresponding to FE simulation studies 

and part B, corresponding to experimental measurement of residual stresses using a 

new method. 

1.4.1. Part A. Finite el residual stresses firom 

re 

In part A, a literature review on theoretical studies related to cold expansion is given 

first. The analytical methods are used to achieve an understanding of the subject while 

FE work is described in more detail. 

Later, in Chapter 3, the material studied in this work is described. The current 

project examines a new aluminium alloy referred to as Al 2650, which was developed 

from Concorde's old alloy RR58 (similar to Al 2618A). The new alloy was developed 

to be creep resistant. An examination of its composition and properties was carried 

out. The properties relevant to the cold expansion process and operation at high 

temperature were examined. 

New computations have been added to previous work (Poussard, 1995) to 

determine the effect of temperature change and of creep relaxation in Chapter 5. 

Significant differences were predicted in the relaxation of samples with and without 

the application of external loading. 

The effect of cracks has been examined in Chapter 6 using effective stress 

intensity factors as in Poussard (1995). The relaxation of crack tip stresses due to 

creep was also described. Three-dimensional comer cracks were compared to 

through-thickness cracks for different crack lengths. The cracks were introduced in 
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different residual stress fields from Chapters 4 and 5. With the stress intensity factors, 

fatigue crack growth rates were predicted. 

1.4.2. Part B. Ne to measure residual 

stresses around holes. 

Part B in this thesis describes a new experimental method and several applications 

related to this research. The motivation for this was the realisation that conventional 

methods for measurement of axisymmetric residual stresses provided significant 

errors in measurement of non-axisymmetric stresses. 

A literature review on experimental measurement techniques of residual stresses 

is given in Chapter 7. Special attention was given to the two methods used during 

parallel research by Lacarac (2000) namely X-ray diffraction and Sachs boring. 

In Chapter 8 the new method is described with FE benchmarks to demonstrate its 

validity. In Chapter 9 experimental measurements are compared to FE predictions. 

Finally, a summary of conclusions of all the results is given in Chapter 10 together 

with suggestions for further work. 
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Chapter 2 
LITERATURE REVIEW FOR THEORETICAL STUDIES 

A substantial number of analytical developments, numerical analyses and 

experimental methods have been conducted to determine the residual stress 

field surrounding cold expanded fastener holes. The theory involved in cold 

expansion is analysed in this chapter. The influence of higher temperature, and 

in particular the creep relaxation of residual stresses have also been studied 

for different aluminium alloys. Finally, studies offatigue crack growth within 

residual stressfields are reviewed 

2.1. Analytical study of cold expanded holes 

Several analytical solutions have been reported that predict residual stress fields in 

cold expanded fastener holes and autofrettaged thick walled cylinders. All of these 

analytical methods take into account the material properties, geometry and the degree 

of expansion applied. The generation of a closed form solution avoids the use of more 

time consuming numerical analysis. However the solutions are one-dimensional, in 

other words, the residual stresses are a function of radius only and therefore do not 

predict any angular or through-thickness variation. 

The basic equations of all analyses found in the literature are based on the 

definition of a uniform radial displacement of a thick walled cylinder. For example, 

Sachs and Hoffman (1953) took account of plasticity during radial expansion. Before 

the onset of plasticity the stresses are distributed as in an elastic thick walled cylinder, 

as described by Timoshenko and Goodier (1987). 

A number of analyses have been used which attempt to cover the mechanisms 
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present during cold expansion. In these analyses it is assumed that the geometry is 

defined as a flat circular disc of outer radius r=b, with a concentric hole of radius 

r=a. The mandrel movement is simulated by a constant pressure p or an equivalent 

radial displacement U, applied on the hole edge. In most cases an expansion of 4% is 

considered. This is a typical expansion used in civil aircraft structures. 

All the different solutions include four common steps to describe the cold 

expansion. First the stresses and strains are found due to an elastic expansion of the 

inner radius. Second, plasticity is introduced as the loading is increased, the radius of 

plasticity (r=p) being defined as the boundary between the elastic and plastic region. 

The third step is to define the stresses inside the plastic region produced during the 

loading as a function of the yield criteria. In this step it is possible to calculate the 

radius of plasticity. The removal of the expansion (or unloading) can be added to 

these stresses as an elastic distribution from step one. Finally the possibility of , 

achieving yielding during the unloading is introduced. This includes the influence of 

different parameters such as the BEF and strain hardening. 

Some of the basic material models used for the various analyses are represented 

in figure 2.1 including perfect plasticity, isotropic and kinematic hardening and 

bilinear hardening taking into account the Bauschinger effect factor (BEF) as 

suggested by Chen (1986). In figure 2.2 the BEF of isotropic and kinematic models 

are compared to experimental results for Al 2024, from Poussard (1995). 

Analyses that included elastic loading with plasticity in loading are surnmarised 

and described in detail by McNeill and Heston (1987) and a complete literature 

review is found in Poussard (1995). Experimental measurements of residual stresses 

produced by Priest et al. (1994), Ozdemir et al. (1994), Ozdemir and Edwards (1996), 

Ball and Lowry (1998) were compared to analytical solutions provided by Hsu and 

Forman (1975) and Rich and Impellizzeri (1977). Special attention is paid in this 
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review to the plasticity criterion (step 2) and reyielding on unloading (step 4) as 

several improvements have been developed for hardening materials taking into 

account the BEF. 

These four analytical steps are next described in detail. 

1.1. Stress distributiojý-ýýýýýýý 

Analytical models consider only a one-dimensional axisymmetric state, where plane 

stress, plane strain or generalised plane strain can be applied. Therefore analytical 

methods do not provide information about the through-thickness and angular residual 

stress variations. A polar or cylindrical co-ordinate system is used to simplify the 

calculations. 

The three-dimensional equilibrium equations and boundary conditions can be 

found in Chapter 8. The simplified equilibrium equation for the one-dimensional 

axisymmetric case is: 

arr -'YOO + 

r ar 
(2.1) 

By applying a unifonn internal pressure p at the inner radius surface it is possible to 

determine the elastic stress distribution. The boundary conditions are that the radial 

and shear stresses are zero at the outer radius (r=b) and at the inner radius the radial 

stress must be equivalent to the applied pressure. The final stress distribution is given 

in many references such as Timoshenko and Goodier (1987) and is as follows: 
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pa 
2 b2 

Cy - rr b22 2 

pa 
2 b2 

GOO - b2_a2 
+ 

r2 

Tro 0 

(2.2) 

For plane strain conditions axial stress can be calculated because axial strain is 

assumed to be zero (c, = 0), and therefore the axial stress can be solved from Hooke's 

law. The axial stress for plane strain is given by: 

2vpa 2 
CYZZ = V(Cyrr + C700 

b22 
(2.3) 

Note that the axial stress is constant for this case and not a function of radius as it is 

for radial and tangential stresses. 

2.1.2. Plasticitv criterion. Stress distribution within the elastic 1: ggLon. 

The cold expansion process attempts to produce residual stresses by introducing 

plastic deformation around the hole. The plastic deformation is introduced once the 

onset of plasticity is achieved, where the onset is defined by a yield criterion. The two 

commonly used yield criteria are the von-Mises and Tresca yield criteria. For both 

cases a yield stress is defined which depends on the plasticity model used, for 

example perfect plasticity, isotropic and kinematic hardening, bilinear hardening, and 

Ramberg-Osgood. A short description of von-Mises and Tresca yield criteria follows. 
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Von-Mises criterion 

Yielding is assumed to start when the stress state reaches a critical value defined by 

the yield stress ((37y'). However the stress state may be a function of three-dimensional 

stresses. The von-Mises condition of yielding can be expressed in terms of the six 

components of stress in cylindrical co-ordinates by: 

2 (Cyrr 
-': 700) + (C7rr 

-CT zz 
)2 + (azz 

_ (700 
)2 +6 rz 

2+ 
Toz 

2+ 
Tro 

2 

2 

Plane stress (used for thin plates): 

The criterion can be simplified for axisymmetric distributions under both plane stress 

and plane strain conditions: 

(i) 

CY yf= 

(ii) 

CY rr 
2 

+(300 
2- 

CyrrCY00 

(2.4) 

(2.5) 

Plane strain (used for thick plates), can be simplified by assuming Poisson's 

ratio v=0.5 as follows: 

I 
V-3 

UY =2 Icyrr 
-(Too 

I (2.6) 

In plasticity calculations, Hooke's law is only valid to describe elastic strains, and 

therefore the Poisson's ratio is not used. The relation between stress and strain is 

therefore found assuming material incompressibility (constant volume). Several 

researchers such as Rich and Impellizzeri (1977) assumed an "equivalent Poisson's 
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ratio" of 0.5 to ensure incompressibility, and also assumed perfect plasticity. 

Once the yield criteria has been defined it is possible to calculate the internal 

pressure that initiates yielding at the hole edge. Once more, this has been reported in 

the literature (Rich and Impellizzeri, 1977) and depends on the plane stress or plane 

strain assumptions. 

(i) For plane stress conditions and an elastic stress distribution, plasticity will 

start at the hole radius (r=a), for an internal pressure (p) given by: 

2p2 
ýa 4 +3b 4 

b -a 
(2.7) 

For higher values of intemal pressure this yield stress is satisfied at the elastic-plastic 

boundary (r=p). Therefore with a knowledge of this boundary condition the elastic 

stress distribution is given for radius p'<r <b and is: 

yp2b2 
rr 

p 
41 b2r2 F3+ 

Pý- 
b4 

C700 :, -- 1y F3+ 
p 

4ý- 

b4 
(5zz 0 

p2+b2 

b2r2 

(2.8) 

The calculation for the radius of the elastic-plastic boundary and distribution of 

stresses within the plastic region will be described later, in the third step. This step is 

also a function of hardening. 
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(ii) For plane strain conditions and using eq. (2.6) to define the yield criterion, the 

pressure that causes yielding at the hole edge (r=a) is: 

V3 ýpb 21 

yb2_a2 (2.9) 

As for plane stress conditions at the elastic-plastic boundary (r=p') the yield stress is 

satisfied and for higher pressures the elastic stress distribution for p'<r<b is: 

CY y P, 
2 b2 

rr -3 b2 r2 

y cy 00 
P, 2 

+b2 TJ b2 r2 
CY y P, 

2 

CY zz 
-J- b2 

(2.10) 

In order to solve the elastic-plastic boundary, p', the analysis must be completed in 

the plastic region in step three (section 2.1.3). 

Tresca criterion 

Yielding is assumed now to start when the maximum shear stress reaches a critical 

value. The shear stress criterion can be expressed for a one-dimensional axisymmetric 

situation by: 

(T y(= la, - (Too (2.11) 

For an initial elastic stress distribution, plasticity starts at the hole radius (r=a), 
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reacting to an internal pressure (p) for both plane stress and plane strain conditions, 

when this pressure satisfies: 

2ýpb 21 

yb2-a2 (2.12) 

At the elastic-plastic boundary (r-p') this yield stress is satisfied even for higher 

pressures and therefore the elastic stress distribution for P'<r<b is: 

(Ty P, 2 b2 
arr 

2 b2 r2 

(T y P, 2 b2 
ICTOO 2 b2 

+ 2 

(2.13) 

This equation is valid for both plane stress and plane strain conditions. The axial 

stress in the elastic region can be found for a plane strain state as: 

cy VC7 Ip 
f2 

zz yb2 (2.14) 

Once more,, in order to solve the elastic-plastic boundary, p', the analysis must be 

completed in the plastic region. This is described next. 

2.1.3. Stress distribution in the plastic re 
and elastic unlogdinw. 

Earlier,, the elastic stress distribution was found once yielding had occurred for 

different plasticity criteria. To complete the stress distribution it is necessary to 

investigate the plastic region where the equilibrium equation (2.1) must also be valid. 
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The boundary conditions are the applied internal pressure p at r==a and the yield stress 

CYY' at r=p', as calculated previously. The solution will depend on the yield criterion 

adopted and whether plane stress or plane strain conditions are assumed. The solution 

will also depend on the work hardening of the material beyond the yield stress. Here 

the solution for the Tresca criterion is presented for perfect plasticity for both plane 

stress and plane strain assumptions. 

By combining the Tresca criterion (2.11) and the equilibrium equation (2.1) for 

axisymmetric conditions and after integrating the stresses from the edge of the hole 

(r=a) to the radius of plasticity (r=p'), the stress distribution in the plastic region is: 

CY G In rb2 _pr2 
rr yp 2b 2 

CY 00 CY In r+b2 +pf2 
yp 2b 2 

(2.15) 

If the plane strain condition is assumed and the incompressibility of the material 

considered, the axial stress is: 

cy In r+ Pý2 
zz y P, 2b 2 

(2.16) 

Now it is possible to find the elastic-plastic boundary p' for a perfect plasticity 

material model where the yield stress is constant. (The material models are shown in 

figure 2.1). A more realistic material model behaviour would include a dependency of 

the yield stress on plastic strain. The following researchers used a Ramberg-Osgood 

hardening model in their work: Wanlin (1993), Ball (1994), Arora and Simha (1996), 

Jahed and Dubey (1996 and 1997) and Lazzarin and Livieri (1997). In these cases an 

iterative method was required to obtain a solution. 
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The same procedure can be used considering the von-Mises yield criterion but 

more complicated results are obtained. Clark (1982) determined a closed analytical 

form using this criterion for thick-walled tubes. 

Work hardening 

In a number of metallic alloys the post-yield stress-strain behaviour can be 

approximated by a power-law relation, such as the Ramberg-Osgood model. In this 

model the equivalent stress Cyeq depends on plastic strain Fp and material constants Ap 

and np: 

(: 7 eq = Cy yf +ApE p (2.17) 

The movement of the yield surface can be achieved through two different 

mechanisms. A shift of the centre of the yield surface, which corresponds to 

kinematic hardening, or an expansion of the yield surface, which corresponds to 

isotropic hardening. 

Megahed (1990), and Megahed and Abbas (1991) examined pressurised thick- 

walled tubes assuming that the material exhibited power-law work hardening. They 

also examined the influence of the Bauschinger effect on the plastic strain. The 

material then reyields at a lower stress in compression. Studies that incorporated this 

effect are presented next. 

Stress distribution during unloading. 

Once the stress distribution has been calculated when the internal pressure is applied, 

subsequent pressure relief must be analysed. The unloading process can be initially 
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considered elastic, as in step two using equation (2.2) to describe the stress change. 

The final residual stresses are found by the combination of stresses with the load 

applied plus the stresses that would elastically generate a negative pressure (pressure 

relief) at the hole edge. 

However reyielding is usually produced during the unloading. This is considered 

in the following section. 

The process of cold expansion of holes in plates used in the aircraft industry usually 

involves reyielding of the material during unloading. This generates an area close to 

the hole edge known as the reversed yield area. To predict the stresses in this area 

accurately, account must be taken of work hardening, which in most cases is different 

from the first yielding. This is known as the Bauschinger effect in the unloading 

process after prior elastic-plastic loading. 

Bauschinger effect 

The stress-strain behaviour can be different in some metallic alloys after the first 

yield is produced. For rolled sheets, first yielding and subsequent work hardening is 

usually close to perfect plasticity while the reyielding (yielding in reverse loading 

only) gives a smooth change of stresses, with the introduction of new plastic strains 

starting at a lower stress level (Bauschinger, 1886). 

A cold expanded hole during unloading attempts to recover all the strain stored 

during the expansion. The high plastic deformation at the hole edge can lead to 

reylelding and therefore the Bauschinger effect must be considered. 

Milligan (1970) compared an analytical method with experimental results. The 
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analytical method assumed perfect plasticity for yielding and reyielding using the 

Tresca criterion. The experimental compressive tangential stresses at the hole edge 

were found to be 50% less than the estimated value. 

Rich and Impellizzeri (1977) used an elastic-perfectly plastic solution with the 

simplified von-Mises criterion expressed by equation (2.7) and including reyielding. 

Results were found to be in agreement with a FE solution. Their equations are as 

follows: 

(i) Maximum expansion: 

For the elastic area (p'<r<b) the tangential stress distribution can be found as in 

equation (2.10) by: 

(Too : --- 
CY yp2 1+ 

b2 

-J b2r2 
(2.18) 

For the plastic area (a<r<p') the stress distribution can be found as in (2-15), but here 

using a von-Mises instead of a Tresca criterion: 

Goo :: -- 
Gy 2 In r +b 

2+P, 2 

V3 P, b2 
(2.19) 

In order to calculate the elastic-plastic boundary, r=p' the radial stress is computed at 

the hole radius and solved using the internal pressure. This analysis finds p' from the 

radial displacement imposed at the hole edge. 

(ii) Unloaded residual stresses: 

An elastic stress from the unloading must be added to those obtained when the 
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internal pressure is applied as expressed in (2.18) and (2.19). This elastic stress is 

applicable within the area that is not reyielding (p"<r<b), where p" is the reyielding 

boundary. 

AcToo y2 In r+b+par+b (2.20) V3 P, b2r2b2 -a 
2 

The reyielding is produced at a radius p" given by: 

2 
pr 122 

p 
(ba) 

2 In + (2.21) fr ba 0p 
2_ 2) 

a2 

FjAba 

-b- 

and the tangential residual stress at the hole edge is: 

res - 
4cy' 

7+a2 ey (2.22) (TOO r=a b2 

where: 

7a+Ip (2.23) 

-2b22b2 

Analytical solutions presented by Rich and Impellizzeri (1977) are shown in figure 

2.3 for a 4% expansion of Al 2024 aluminium alloy plates. Results are compared to 

FE simulations carried out by Poussard (1995). 

The generation of an analytical solution becomes progressively more complicated 

when attempting to introduce all these effects. Furthermore, all the reported analytical 
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solutions present axisymmetric distributions of residual stresses without any through- 

thickness variation. 

A comparison of three analytical models can be found in figure 2.4. This shows 

the results obtained from Chen (1986) who considered a plane strain assumption using 

a Tresca criterion for plasticity. The reverse yielding in compression after initial 

loading in tension considered the Bauschinger effect and work hardening for a linear 

stress-strain relation as shown in figure 2.1. Chen's results show that the maximum 

compressive stress occurs at the hole edge, despite reversed yielding. 

Jahed and Dubey (1997) realised the importance of the consideration of a 

variable Bauschinger effect factor in prediction of reverse yield initiation. Lazzarin 

and Livieri (1997) used a numerical analysis with Runge-Kutta iterations to take into 

account the work hardening during unloading as well as the variability of the 

Bauschinger effect. 

2.2. Numerical analysis of cold expanded holes 

Two main numerical analysis techniques have been used to model the cold expansion 

process: boundary element method (BEM) and finite element analysis (FEA). 

A 
, Applications of these methods to predict residual stresses arising from cold expansion 

are presented next. 

2.2.1. Bogndar element. y 

The boundary element method has been mainly used to describe the fatigue crack 

growth of fastener holes and autofrettaged tubes (Bourke et al., 199 1, Parker et al., 

1991,, and Becker et al., 1993). However limited descriptions of the generation of 
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residual stresses were provided. 

Ozdemir et al. (1993) used two-dimensional boundary element analyses with 

plane stress and isotropic hardening to model residual stresses around a 4% cold 

expanded hole. The material examined was Al 7050-T76 in plates 5 mm thick 

containing a hole 6.35 mm in diameter. The BE results overpredicted (more 

compressive) the experimental measurements of the tangential residual stresses. They 

concluded the BEM was not suitable as it did not take into account the throuoh- C: )-- 

thickness variation of residual stresses, nor the Bauschinger effect. 

Liu and Hong (1994) used an axisymmetric BEM with three material 

hardening models to take into account the Bauschinger effect. They modelled the 

autofrettage process in steels. Residual stresses were measured at the outer surface 

and compared to BE and FE predictions, obtaining the best agreement for models 

considering a linear hardening model for the initial yield and a Ramberg-Osgood 

elastoplastic unloading model. 

2.2.2. Finite element. 

The FEM has been used extensively to analyse the cold expansion process in two 

dimensions. For these two-dimensional simulations, several have been made using 

plane stress and plane strain conditions as well as using several hardening models. In 

figure 2.5 FE results obtained for cold expanded holes in an Al 2024 alloy from 

Poussard (1995) are shown for thin plates. It was concluded that the plane stress 

model with kinematic hardening was the best representation of material behaviour and 

therefore gave the best prediction of residual stress fields in comparison to the 

experimental measurements. This model predicted the least compressive tangential 

residual stress near the hole edge in comparison to plane strain and isotropic 

hardening models. 
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More recently, two-dimensional axisymmetric and three-dimensional FEA have 

been performed where the cold expansion process is modelled in detail, rather than as 

a one-dimensional hole expansion process. The results of these 3D analyses will now 

be summarised and results compared with the two-dimensional case. 

Through-thickness variations of residual stresses were first studied using an 

axisymmetric model. Rufin (1993) modelled a 3.68 mm thick titanium plate and 

assumed von-Mises yield criterion and isotropic hardening. The mandrel movement 

was simulated by applying radial and axial loads to the hole edge sequentially 

through-thickness, from entrance face to exit face. These loads were obtained from 

experimental measurements of mandrel pull through. The tangential stress distribution 

was close to zero for the inlet surface increasing in magnitude to a compressive value 

for the outlet face. 

Forgues et al. (1993) used an axisymmetric model with a rigid element to 

simulate the mandrel. They did not include the sleeve placed between the mandrel and 

plate. A friction coefficient was included in their simulation using contact elements 

with movement of the rigid mandrel. In comparison to Rufin (1993) they obtained a 

similar through-thickness variation of residual stresses. 

More recently, Priest et al. (1994), Poussard (1995), Poussard et al. (1995) and Pavier 

et al. (1995) carried out several through-thickness simulations on a6 mm thick Al 

2024 plate. Axisymmetric models were carried out initially with uniform radial 

displacement of the hole and finally using a rigid mandrel pulled through the hole. 

Both isotropic and kinematic hardening material models were used. The results 

ive residual indicate that using isotropic hardening provides more compressi stresses 

within the region of reversed yielding. Once more, entrance face tangential residual 

stresses were shown to be small. These results are shown in figure 2.6, and are 
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compared to 2D simulations in figure 2.7. In general these results are in agreement 

with those presented by Forgues et al. (1993). In addition to this work, a three- 

dimensional simulation of the cold expansion was carried out to analyse the effect of 

through-thickness cracks (Pavier et al., 1998 and 1999). However these simulations 

predicted residual stresses as a function of only radius and axial Position (r and z), and 

ignored the effect of the split in the sleeve. 

A similar FE and experimental study was carried out by Bernard et al. (1995) on 

Al 7475-T7351 alloy. Cold expansion of holes up to 5.58% in two steps was 

analysed. The two step process was used in order to increase the compressive 

tangential residual stresses at the inlet face. They pulled a second mandrel through the 

plate, either in the same direction or in the opposite direction to the first mandrel. Low 

compressive tangential residual stresses were still found at the entry face after a 

second cold expansion as in a one step cold expansion. These results are presented 

from the original paper in figure 2.8a for one mandrel and in figure 2.8b for a second 

mandrel pulled through the hole in the reverse direction. 

Only one reference was found where residual stresses were determined in a 

three-dimensional state, as a function of radius, angle and axial position. Papanikos 

and Meguid (1998) carried out simulations for adjacent holes in aluminium. alloy 

7075-T651. The cold expansion process was simulated with a rigid mandrel pulled 

through with a coefficient of friction Vt=O. 15. Tangential residual stresses close to the 

hole were found to be tensile for adjacent holes, with a decrease in compressive 

residual stress at the entry face for decreasing distance between expanded holes. 

However, previous work has not examined three-dimensional residual stress 

distributions arising from the split in the sleeve. 
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2.3. Creep and temperature influence on mechanical properties 

The effect of high temperature on the mechanical properties of aluminium alloys has 

been studied to understand the mechanisms of creep. In this section some of the 

background to the mechanisms of creep in aluminium will be described. First the 

dependence of the elastic-plastic properties on temperature is examined. 

Material properties can be found for different temperatures in the Metals Handbook 

(1987) for several aluminium. alloys. For these alloys the Young's modulus and yield 

stress are observed to decrease with increasing temperature. The closest alloy in 

composition to Al 2650 (described in chapter 3) catalogued in the Metals Handbook is 

A12048-T851. 

2.3.1. Mechanisms of creep in aluminium allovs. 

In order to understand the creep mechanisms responsible for residual stress 

redistribution that occurs in cold expanded aluminium alloys, the temperature and 

stress regime must be known. The deformation mechanism maps for pure aluminium 

presented by Ashby and Frost (1982) can be used to identify the significant creep 

mechanism. The deformation maps for pure aluminium are presented in figure 2.9 for 

two different grain sizes (10 [tra and I mm). It is shown that Harper-Dom creep 

replaces diffusional flow at large grain sizes for the conditions of interest. 

Harper-Dorn creep is produced at low stress and is a typical process for 

aluminium. Similar behaviour has been observed for lead and tin. Linear viscous 

creep is observed, but at rates much higher than those obtained by diffusional flow. 
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The most plausible explanation is that of climb-controlled creep under conditions 

such that the dislocation density does not change with the stress. 

In order to understand the creep processes a brief description follows. There are 

two dominant mechanisms called dislocation and diffusional creep. In the former, 

defects known as dislocations in the crystalline lattice structure of the metal can 

overcome the natural stiffness of the crystal, and other obstacles introduced in an 

alloy to prohibit creep, so as to move through the lattice. At low stresses, this 

dislocation motion stops or slows down but creep can continue through the bulk 

movement of atoms from one atomic site to another in tension. Dislocation creep has 

a highly non-linear dependence on stress while the diffusional creep exhibits a more 

or less linear viscous dependence on stress. 

Diffusional flow is related to the diffusional transport through and round the 

grains. The strain-rate may be limited by the rate of diffusion or by that of an 

interface reaction. It is noted the influence of alloying on diffusional flow. A solid 

solution can impose a drag on boundary dislocations slowing the rate of creep. 

Power-law breakdown for aluminium occurs when the stresses are too high for 

simple power-law to be accurate: the measured strain-rates are greater than those 

predicted by power-law creep. The process is evidently a transition from climb- 

controlled to glideL-controlled flow of dislocations. 

Other models have been examined. Aktaa and Schinke (1997) used a Chaboche 

model to describe damage of a steel at 8500C. Eigenmann et al. (1994) analysed the 

relaxation of shot peening residual stresses on a steel at 250-450T using Avrami's 

equations (Whringer, 1983). For aluminium at 150T, Kowaleski et al. (1994) used a 

(. 4 sinh" hyperbolic function to define rupture, while Blankenship and Kaisand (1996) 

based their calculations in creep crack growth tests giving little detail about creep 

modelling. The current study is focused on power-law creep for multiaxial stress (Lu 
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and Weng, 1996). 

2.3.2. Creep models of strain accumulation at constant load 

There are many theories about creep as described by Boyle and Spence (1983). A 

power-law is often used and can be expressed as a combination of Norton and Bailey 

theories: 

AH 

F, c = C. e RT �n ct mc (2.24) 

where c, is the accumulation of creep strain, A. H is the activation energy, R is the 

Boltzmann's constant, T is the absolute temperature, t is time and a is the equivalent 

stress. C,, n, and m, are material constants to be determined. 

This behaviour can be caused by dislocation glide alone or by climb-plus-glide. 

The latter occurs at high temperatures as described as Power-law breakdown. Power- 

law creep by glide alone for isothermal conditions from equation (2.24) gives: 

Ec = BccT nct mc (2.25) 

A classical creep curve for a metallic alloy usually consists of three regimes which are 

defined as: primary, secondary or steady-state and tertiary creep. When m, <l then 

equation 2.25 describes primary creep, when mc=l equation 2.25 represents secondary 

creep. These three regimes are shown in figure 2.10. In tertiary creep (m, >I) the 

increase in strain rate is largely the result of the change in dimensions of the cross- 

section of the specimen as deformation proceeds. Also deterioration 
, in the form of 

internal cavitation, may have altered the effective load-bearing cross-section. 

Few results have been found in the literature for the new aluminium alloy 
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examined in this work. An earlier project evaluated a number of aluminium alloys for 

SST design (Polmear et al., 1996). They compared this new alloy with Al 2618A used 

previously in Concorde. However, only one test was presented for Al 2650 showing 

the minimum secondary strain rate and one of the longest rupture lives (for a stress of 

250 MPa while other alloys were tested at 300 MPa). All the results were obtained 

from tensile creep tests. 

Evans and Wilshire (1985) and Miller (1946) defined the requirements for 

evaluating the creep behaviour in compression and provided a grip design to convert a 

tensile test rig to provide compressive stresses in a specimen. For a tensile load the 

stress on the specimen increases as the cross-section reduces. For a compressive load 

the stress on the specimen decreases as the cross-section increases. A strain 

correction was presented as a function of the power-law creep parameter, n,,. After the 

correction a similar behaviour for tensile and compressive tests could be observed. 

Biscaya (1971) and Huston (1972) studied the effect of prestrain at 20'C on the 

tensile creep behaviour of RR58 aluminium alloy (Al 2618A) at 150T. In order to 

avoid buckling in compression for uniaxial specimens they tested torsion specimens 

instead. Torsion was first applied in one direction to produce plastic strains and creep 

was followed in the same and opposite directions. Afterwards they translated the 

shear strains into equivalent direct strains. They found that the primary shear creep 

rate is always higher when prestrain is introduced. Also, a prestrain in the same 

direction as creep loading accelerates secondary creep (similar to tension prestrain 

and tension creep). This may be caused by an increase on the dislocation density. On 

the other hand, a prestrain introduced in the opposite direction as creep loading slows 

down the secondary creep (similar to compression prestrain and tension creep), 

probably caused by a change in hardness or recrystallisation. 

In order to avoid buckling they used biaxial stress torsion tests. Their results for 
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creep accumulation tests are shown in figure 2.11 for a torsion stress of 12 8 MPa. 

Evans and Wilshire (1985) described the influence of prior plasticity on pure 

aluminiurn and aluminium-2.93wt% magnesium alloy. Pure aluminiurn showed a 

decrease in the creep rate with plastic strain while the alloy showed an increase for a 

load of 20.7 MPa at 2500C. For pure aluminium, creep is recovery or climb 

controlled. Prestraining should reduce the initial creep rate because it increases the 

dislocation density, so that it behaves as in the secondary creep state. For the 

alurninium -2.93wt% magnesium alloy creep is controlled by solute-drag processes, 

and the creep rate is determined by the number of moving dislocations: 

a6c oc 6v at 
(2.26) 

where v is the dislocation velocity which is determined by the rate at which the 

solute atoms can move along with the dislocations and would vary linearly with 

stress, and 8 is the mobile dislocation density. Al-Mg alloys showed this kind of 

behaviour called Class 1. An initial prestrain increases the density of dislocations and 

therefore the initial creep rate. 

2.3.3. Stress relaxation at constant strain modelsfor creW. 

There are two main theories that consider stress relaxation due to creep under constant 

strain conditions. They are known as time hardening and strain hardening creep 

theories, developed from primary power-law creep behaviour. A more detailed study 

including secondary creep can be found in Garcia-Granada (1998a) and Martinez 

(1998). 
0 
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Time hardening 

Time hardening relaxation is faster and leads to a lower final stress when compared to 

strain hardening. The creep strain rate is assumed to depend upon the current stress 

and time. The rate of change of the creep and elastic strains are: 

(3E, ag, 
-1 d3cy 

-+ Bccy ncM 
et 

nic -1 -= 0 
at at E at 

(2.27) 

The solution to this differential equation for the stress cy as a function of time is 

obtained assuming that the initial stress (a, ) for time t--O is known, where: 

CY = 
[cyo 

+ BcE(I - n, )t'c ýl 
-I nc (2.28) 

Strain hardening 

Strain hardening assumes that the creq strain rate depends on the current stress and 

the accumulated creep strain. An equation can be derived for the creep strain rate by 

substituting strain for time using the Norton-Bailey power-law equation 2.25 and 

substituting it into equation 2.28 to give: 

aE 
e+ 

aE 
c-1 

aCT l1mc n, lm, 
E 

(mc-Olm, 
=0 ----+mcBc Cy c at at E at 

(2.29) 

The solution to this equation requires numerical integration, together with an assumed 

initial stress. The initial strain is based on elastic behaviour alone. 

Both hardening models can be used, but the strain hardening assumption is considered 
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more accurate than the time hardening assumption (Boyle and Spence, 1983). 

Multiaxial formulations of the creep laws are usually based on the von-Mises 

equivalent stress criterion and the Prandtl-Reuss flow rule. Lu and Weng (1996) 

provided a more detailed study on multiaxial creep for aircraft engine nickel based 

alloys. 

2.4. Crack growth behaviour 

The real improvement or benefit of cold expansion is experimentally verified by 

fatigue and fracture testing. Several investigations proved that there is a significant 

benefit from cold expansion in terms of fatigue life improvement of fastener systems. 

For the work described in this thesis, crack growth is examined not only as a 

consequence of cyclic fatigue loading but also due to creep at high temperature. The 

literature review was focused on the calculation of effective stress intensity factors 

using FE simulations, which are necessary for crack growth predictions. A good 

summary of experimental results can be found in McNeill and Heston (1987). 

2.4.1. Fatigue / 

There are two factors involved in crack growth: crack initiation and crack extension. 

The first topic is dependent on the technique used to identify crack lengths, as 

microcracks may exist in the component prior to fatigue loading. Therefore, crack 

initiation is often defined as the number of cycles to reach a determined detectable 

crack length. Fatigue crack growth is usually fitted to Paris law equations (Suresh,, 

199 1). Crack length is then predicted as a function of the number of cycles for a 

deter-mined load magnitude, load amplitude and geometry. A typical fatigue crack 
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growth curve is shown in figure 2.12. The stresses ahead of the crack tip, typically at 

maximum stress in a fatigue cycle, are shown in figure 2.13 as a function of distance 

to the crack tip in the direction normal to the applied load. Solutions for those stresses 

include elastic and plastic behaviour (Anderson, 1995) with characteristic slopes 

using a power plasticity law such as Ramberg-Osgood. 

For tests carried out at high temperature, cracks can grow due to creep under 

static loading. Crack growth is then given as a function of time for a determined 

applied load and geometry (Nikbin et al., 1986). For an elastic creeping material the 

stresses ahead of the crack tip follow the same shape shown in figure 2.13 with the 

plastic strains replaced by creep strains. 

In general, it has been shown that inducing fatigue during creep increases the 

crack growth rate. The most damaging situation is said to occur during tensile dwell 

periods at constant load (Fookes, 1996). A combination of both fatigue and creep 

crack growth, is given by addition of both phenomena: 

ac 
= Cf (AK)'f 

_ý 
D, 

C*0.85 
Mf 

(2.30) 

where f is the frequency of the cycle, Cf, D, and mf are experimental material 

parameters. C* is the line or surface integral that encloses the crack front from one 

crack surface to the other. It is used to characterise the local creep strain rate and 

stress fields at any instant around the crack tip at constant load (for example, 

maximum load). The stress intensity factor range AK is a function of the maximum 

and minimum loads applied for a particular geometry. 
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2.4.2. Retardation mechanism and closure effect and the influence of residual 
stresses. 

Compressive residual stresses behind the crack tip are beneficial as they provide crack 

closure, and therefore decrease the generation of tensile stresses near the crack tip. 

Parker (1981) defined the interaction between residual stresses and external loading 
0 

and analysed the use of analytical, FE and BE methods to model cracks. This study 

concluded that BE provided higher accuracy as there is no internal subdivision and 

therefore, no approximation is imposed on the solution at internal points. 

Several investigations considered the benefit of residual stresses arising from 

overloads during the fatigue testing for aluminium alloys (Hammouda et al., 1998 and 

Lang and Marci, 1999). They found a decrease on the fatigue crack growth due to the 

plasticity originated ahead of the crack tip. This decrease was recovered once the 

crack went beyond the region dominated by plastic strain. For interference-fit 

fasteners in Al 2219-T851 plates a similar approach was carried out by Rudd et al. 

(1978) comparing experimental and predicted crack growth for different levels of 

interference and initial crack lengths. 

There are many experimental studies showing fatigue testing of cold expanded 

holes. Priest (1997) carried out several tests for Al 2024 at room temperature and 

compared the results between cold and non-cold expanded holes. Results are shown 

in figure 2.14 when the maximum remote stress in the fatigue cycle was 1/2 and 1/3 

of the yield stress cTy'. Crack arrest was observed for the maximum stress of ay'/3 

applied to cold expanded holes where the combination of applied stress and residual 

stress was not sufficient to propagate a crack. 

Jones et al. (1999) used both the weight function (Grandt and Kullgren, 1983) 

and distribute dislocation (Hills et al., 1996) methods to predict crack growth from Al 
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7050 cold expanded holes. They found better agreement with experimental data for 

the dislocation approach. Both methods calculate effective stress intensity factors. 

Typical effective stress intensity factors from Grandt (1975) are shown in figure 2.15. 

However, these methods do not take into account the redistribution of residual 

stresses during crack growth which affects the crack growth behaviour for negative R, 

where R is the ratio of the minimum to the maximum applied remote stress. Ball and 

Lowry (1998) carried out several crack growth tests on Al 2124-T851 cold expanded 

samples until arrest or critical crack size (onset of fracture) was achieved. The results 

of fatigue crack growth for constant amplitude loading were compared to analytical 

models obtaining a good agreement for through-thickness starter cracks. 

Finally, Bernard et al. (1995) examined the effect of pre-cold expansion on 

fatigue life enhancement of Al 7475 fastener holes. They used FEA to predict residual 

stresses and fatigue crack growth testing to demonstrate the benefit of a second cold 

expansion on a previously cold expanded hole in a plate. The life improvement of 

cold expansion was increased by a second expansion in some cases up to a factor of 3 

when compared to non-cold expanded holes. 

2.4.3. Determination ofstress intensity (actors in FE. 

Simulations of crack growth are not a simple issue (Dusi et al., 1993), especially if the 

crack is intended to grow within compressive residual stress fields providing closure. 

It is however, less complicated to determine stress intensity factors (K) and creep 

integrals, (C*) for a determined crack length and residual stress state. These values are 

usually found through integral paths around the crack tip. Kaguchi and Nikbin (1993) 

concluded that three-dimensional analysis needed further improvements for the 

evaluation of J and C* integrals. For this reason Pavier et al. (1998 and 1999) used a 

fitting technique to the HRR solutions of the stress distribution ahead of the crack tip 
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to obtain the stress intensity factors. 

This technique is complicated, especially for comer cracks. Alternatively, a crack 

opening technique has been used to calculate stress intensity factors and compared to 

analytical solutions (Chen et al., 1991). Several studies have been carried out for 

elliptical cracks in pipes. Carpinteri et al. (1999a and 1999b) obtained stress intensity 

factors from a quarter point displacement method and assuming plane strain 

conditions for different initial crack sizes. Fatigue crack growth was calculated using 

these stress intensity factors and a Paris fatigue crack growth law. Lin and Smith 

(1997) used a similar analysis for autofrettaged tubes. Stress intensity factors at 

different Positions along the crack front were obtained. Results from their work are 

shown in figure 2.16 with and without crack contact (crack closure). Lin and Smith 

(1998) also studied corner cracks at fastener holes. They simulated the crack growth 

by automatically, modifying the FE mesh to move with the crack front. With this 

technique the change of crack shape was also predicted to change from elliptical to 

circular shapes. 

2.5. Conclusions. 

(1) The Bauschinger effect is important in modelling residual stresses in cold 

expanded fastener holes particularly close to the hole edge where reyielding occurs. 

(ii) Analytical models are only suitable for predicting residual stresses as a 

function of radius. Numerical analyses are needed to take into account the 

Bauschinger effect. 

Gii) Plane stress and kinematic hardening has been used in two-dimensional FE 

models of cold expansion of thin aluminiurn plates. Axisymmetric models have been 

used to take into account the effect of the mandrel pull through. Less compressive 
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tangential residual stresses were found close to the entrance face. 

(iv) Creep for the aluminium alloy examined in this research at 150'C may be 

modelled using a power-law relationship. A large influence of prior strain on creep 

properties was found for a similar aluminium alloy. 

(V) Fatigue crack growth in the presence of residual stresses has been predicted 

using effective stress intensity factors. These can be obtained from opening 

displacements at the crack tip in FE simulations. 
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Chapter 3 
Al 2650 ALUMINIUM ALLOY PROPERTIES 

The material used in this research is a new aluminium alloy, known as Al 2650, 

for which the composition and heat treatment are given. In order to examine 

the material response to external mechanical loading at different temperatures, 

several experimental tests were carried out. The elastic-plastic behaviour was 

examined first at room temperature, including tensile, tension-compression 

and q clic hardening tests. These tests are necessary to obtain material y 

constants for the simulations of the cold expansion process using both 

analytical and FEM. The study of the material behaviour at 1500C involved 

more tensile tests plus a study of the creep properties at high temperature. The 

effect of prior plasticity introduced at room temperature before creep starts 

was also studied Finally, fatigue crack growth was examined to obtain Paris 

law parameters for FEpredictions offatigue loading. 

3.1. Material composition. 

The Al 2650 aluminium alloy was developed for the supersonic aerospace industry to 

replace components that were fabricated using the older aluminium alloy RR58. Thq 

older alloy is similar in composition to aluminium alloy Al 2618A. In subsonic 

aircraft, aluminium alloys such as the Al 2024-T351 are widely used. The good ratio 

between yield stress and mass density for this alloy provides good resistance to 

fatigue loading, fracture and fatigue crack growth. Typical properties for general 

aluminium alloys obtained from the Metals Handbook (1987) are shown in table 3.1. 

Since the new alloy has been designed for SST and specifically for creep resistance, 
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chemical elements such as magnesium and manganese were added (Evans and 

Wilshire, 1985). 

In this case the material was supplied by Alcan International Limited as 4 hot- 

rolled plates 15 mm thick, 1000 mm long in the rolling direction and 450 mm wide. 

The plates were hot-rolled from a 170 mm thick die cast ingot with the nominal and 

actual compositions shown in table 3.2. 

The plates had been solution heat treated for one hour at 5300C, cold water 

quenched, uniaxially stretched 2% and finally aged for 19 hours at 190T. As a result 

of this process a slightly elongated grain size was obtained varying from 42 to 300 ýtrn 

in the rolling direction and from 40 to 150 ýtm in the transverse direction (Lacarac, 

2000). The average grain size was 132 ýtm in the rolling direction and 92 gm in the 

transverse direction. Since the plate was hot-rolled, it is anticipated that large plastic 

strains were produced during the rolling. The implications for modelling the cyclic 

stress-strain behaviour are discussed in chapter 4 

3.2. Elastic-plastic properties in monotonic loading. 

The material was tested at both room temperature (about 20'C) and 1500C. Some 

results were provided by British Aerospace Ltd. (BAe, private communication) from 

tensile tests in the longitudinal, transverse and 45 degrees to the rolling direction for 

both temperatures. 

Further tensile tests were conducted on material extracted ftom the received 

plates in the directions parallel (longitudinal), transversal and 45 degrees to the rolling 

direction. Tensile tests were carried out following the procedure given by Poussard 

(1995), and the complete stress-strain behaviour up to fracture obtained. The 

specimens shown in figure 3.1 were designed following the ASTM (1992) standards 
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for circular cross-section samples. The diameter and the initial gauge length were 

measured using a "Mondo" shadow graph to within 0.01 mm. The button end 

specimens were fitted with locking nuts and split collets to a 100 kN DARTEC servo- 

electric test machine. Extensometry was attached to the specimen using a pair of 

divots. Two linear variable differential transducer (LVDT) were used to obtain 

averaged strains along the gauge length using the techniques described by Priest 

(1980). 

The strain rate during the tensile tests at room temperature was set to minimise 

viscoelastic effects to 6.7xl 0-5 S-1 (ASTM, 1992). To determine the effect of creep 

relaxation in tests at higher temperature a constant load rate was used. This provided a 

constant strain rate during elastic behaviour but a higher strain rate once the yield 

stress was achieved. The yield stress was determined at +0.1% plastic strain. 

The mechanical behaviour of the Al 2650 alloy at room temperature, is shown in 

figure 3.2. This alloy was observed to give a higher yield stress when compared with 

Al 2024 alloy, and has a similar elastic modulus. Al 2650 showed smaller hardening 

compared to Al 2024, and therefore the stress at high values of strain is quite similar 

for both materials. The monotonic loading stress-strain relation is shown in figure 

3.2(a). 

A small influence of specimen orientation on the tensile behaviour at 20'C and 

150T was found for Al 2650 alloy as shown in figure 3.2(b). For the tensile 

behaviour at 45 degrees, the yield stress was lower than for both the longitudinal and 

transverse directions. Average stress-strain behaviour from all the orientations were 

used for FE analysis (described in chapter 4) in order to simulate an isotropic material 

behaviour. These averaged material properties are given in table 3.3. 

For tests carried out at 150T two K type thermocouples were attached to the 
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specimen using string. This was done because the spot welding did not work on the 

rounded aluminium. faces of the specimen. Before the loading was applied the 

temperature was held at 150 ±2'C for I hour to ensure a homogenous temperature 

along the specimen. The stress-strain behaviour was similar to that for room 

temperature but with a lower yield stress and Young's modulus as shown in figure 

3.2(a). The grain orientation showed even less influence than at room temperature as 

shown in figure 3.2(b). 

The complete 3D stress-strain relation was not examined as it was not possible to 

test the material in the plate thickness direction. The Poisson's ratio was not 

experimentally measured but a value of v=0.33 was taken from the Metals Handbook 

(1987). 

3.3. Cyclic behaviour. 

The hardening behaviour in cyclic loading, and in particular the Bauschinger effect, 

were examined using the tensile test specimens shown in figure 3.1. A typical test 

involved loading the specimen in tension at a constant strain rate of 6.7xI 0-5 S-1 

(ASTM, 1992) to a specified strain beyond the plastic strain. This introduced plastic 

deformation in the loading direction and a first yield stress, cTy', was calculated for an 

initial plastic strain of 0.1%. Then the strain was set to return to the original zero. This 

involved the application of a compressive load, and a reyielding state where new 

plastic strains were introduced in the new (reverse) loading direction. A new yield 

stress, cyy", was obtained at a reversed plastic strain of 0.1%. The BEF was determined 

from the ratio of both yielding stresses JcYy"/cTy'j as described by Poussard (1995), 

where a test involved the following sequence of loading plus unloading steps: 

(i) Load to 2% total tensile strain. 
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(ii) Unload to 0% total strain with compressive stress. 

(iii) Load to 4% total tensile strain. 

(iv) Unload to 0% total strain with compressive stress. 

(v) Load to 6% total tensile strain. 

(vi) Unload to 0% total strain with compressive stress. 

The results of the test are shown in figure 3.3(a). Beyond the first yielding c7y' the 

material behaviour was close to perfect plasticity. Reversing the loading direction led 

to reyielding, showing the BEF. Once reyielding ay" was reached,, the material 

behaviour showed significant power-law type hardening in compression (similar to 

Ramberg-Osgood). Reyielding started at a relatively low stress compared with first 

yielding, and with BEF = jc7y"/c7y'j <0.2 when using the 0.1% plastic strain definition. 

Using a proof stress at a plastic strain close to zero, reyielding started at a stress of 

about -25 MPa, resulting in an approximate BEF of 0.05. 

It was considered interesting to investigate whether the same effect was observed 

where the initial loading was in compression and reyielding in tension. Unfortunately 

buckling instability was predicted around a 4% compressive strain. The specific test 

was carried out as follows: 

(i) Load to 1% total compressive strain. 

(ii) Unload to 0% total strain with tensile stress. 

(iii) Load to 2.5% total compressive strain. 

(iv) Unload to 0% total strain with tensile stress. 

(v) Load to 4% total compressive strain. 

(vi) Unload to 0% total strain with tensile stress. 

Experimental results are shown in figure 3.3(b). A similar initial yielding stress ay' 
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was found for this compression-tension test compared to the tension-compression 

test. Buckling was observed after 3% total compressive strain, as shown in figure 

3-3(b). Examination of the elastic relation between stresses and strains showed an 

elastic modulus, E, slightly higher for compressive loading as reported for most of the 

aluminium alloys (Metals Handbook, 1987). For a given offset plastic strain, i. e. 

0.1%, the same Bauschinger effect was found in both cases varying from I to 0.2 as a 

function of plasticity. 

The cyclic tests mentioned above were done on specimens manufactured in the 

rolling and transverse directions, obtaining similar results as for the tensile tests. The 

plate thickness, h= 15 mm, did not allow specimens to be extracted from the 

through-thickness direction to complete a 3D evaluation of the Bauschinger effect. 

The cyclic hardening was also examined using different cyclic tests. In figure 3.4(a) 

the results of a cyclic strain controlled test are presented. The strain fluctuated 

between plus and minus one per cent. The specimen, test rig and strain rate of 

6.7xI 0-5 S-1 were identical to those used for the previous tests (Martinez, 1998). The 

stress at +1% strain is plotted against the number of cycles in figure 3.4(b) showing a 

small softening or maximum stress relaxation of about 10%. This relaxation was 

stable after approximately 30 cycles. 
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3.4. Creep properties. 

An important influence on the residual stresses at high temperature is stress relaxation 

due to creep. In order to find the creep properties, the results of several creep tests 

carried out by the DERA, (private communication) and BAe, (private communication) 

were used. In addition some tests were carried out at the University of Bristol. 

First, the deformation maps from Ashby and Frost (1982) were examined in 

order to identify the creep behaviour expected from the material. It was found that for 

pure aluminium and its alloys at 100 ±80'C and in the range of stresses of interest 

(from 10 MPa up to yield stress cTY'), the creep behaviour was within the power-law 

creep regime. The Norton and Bailey power-law described by Boyle and Spence 

(1983) in equation 2.25 is therefore used to fit the data obtained from the creep tests. 

Several creep strain accumulation tests under constant load were carried out at 

different temperatures. The pin-hole type creep tensile specimen is shown in figure 

3.5. The testing was carried out using lever-type creep test rigs. K-type 

thermocouples were attached to the specimens as described earlier for tensile tests at 

high temperature. The total strain was recorded automatically using a PC Alpha card 

and software developed for this purpose (Garcia-Granada, 1998). A variety of test 

results are shown in figure 3.6. 

The parameters presented by Polmear et al. (1996) for different aluminium 

alloys, including Al 2650, were used as initial estimates of material constants in 

equation 2.24 to fit experimental results for Al 2650. In figure 3.6(a) the effect of load 

is shown for experimental tests at 150'C. In figure 3.6(b) the effect of temperature is 

shown for different loads. The power-law constants Cc, A-H, n, and m, obtained from 

least-squares curve fitting to all the experiments, are shown in table 3.4. 
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Of particular interest to this research is the relaxation at high temperature of residual 

stresses, with the original residual stresses arising from cold expansion. Relaxation 

tests were also carried out in a DARTEC servo-electric test machine in order to be 

able to control the strain constant in the specimen during the relaxation. The 

specimens were identical to those used for the cyclic testing shown in figure 3.1. 

These results were used to complete the curve fitting technique for the creep power- 

law given in table 3.4, as the results from strain accumulation could be fitted with a 

large combination of parameters which would predict a completely different stress 

relaxation. 

Cold expansion implies that the residual stress release occurs within regions 

plastically deformed at room temperature. Therefore, the effects of prior plasticity and 

the strain rate used to produce this prior plasticity were investigated (Martinez, 1998). 

Prior plasticity was introduced by both prior tensile and compression preloading. Two 

different strain rates were used: fast loading equivalent to 3. OxI 0-3 s- I and slow 

loading at 6.7xI 0-5 S-1. Prior plasticity was introduced at room temperature and then 

the specimens heated up to 150T at zero load conditions. After I hour at this 

temperature a strain of 0.5% in tension was applied and held constant for a period of 

48 hours during which the stress relaxed. A data logger was used to record voltages 

corresponding to strains, stresses and temperatures during the test. Results are shown 

in figure 3.7. 

In figure 3.7(a) the stress relaxation is shown for four different specimens. The 

first one corresponds to the as-received material, the second to an application of 4% 

prior strain at the fast strain rate. The third specimen corresponds to a 4% prior 

plasticity at the slow strain rate and finally the fourth specimen to a compressive -2% 

prior plasticity at the slow strain rate. Due to the Bauschinger effect after application 

66 



Chapter 3: A 12 65q plopelrties 

of prior plasticity, the stress corresponding to a 0.5% defonnation was different for 

every sample, and therefore the initial stresses for relaxation were different. In figure 

3-7(b) the relaxation is plotted as a percentage of the initial stress. It is shown that the 

least relaxation occurred for the as-received specimen with a relaxation around 15% 

of the initial stress. The maximum relaxation occurred for the specimen with a 

compressive -2% prior plastic strain, with a total relaxation after 10 hours of about 

30%. From the specimens with a 4% prior plasticity, the prestrained sample initially 

loaded at a fast rate showed more relaxation. For all cases the relaxation seemed to 

achieved a maximum stable value after about 10 hours. 

This effect on creep strain accumulation after prior plasticity was also found by 

Evans and Wilshire (1985), for a similar aluminium alloy, and by Biscaya (1971) and 

Huston (1972), for the RR58 alloy at 150T. Higher creep strain accumulations after 

prior plasticity were obtained by these authors but stress relaxation was not 

investigated. However, it could be inferred from creep strain accumulation that there 

would be higher stress relaxation after prior plasticity. 

Some agreement in stress relaxation is found with Gincburg (1957) where an 

extensive study was carried out on steel wires. This investigation also concluded that 

prior plasticity introduced at fast strain rates leads to lower stress relaxation compared 

to tests on wires not subjected to prior plasticity and wires where prior plasticity was 

induced at slower strain rates. 

3.5. Fatigue crack growth properties. 

The effect of fatigue on Al 2650 has been examined using a variety of tests by 

Lacarac (2000). The tests were conducted using flat plate specimens as suggested in 

ASTM (1992) standard E647. These specimens contained a centre hole of radius a--3 
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mm and had an overall length of 245 mm, width 100 mm and thickness 6 mm. Two 

comer notches were machined into the plate surface of each specimen, arising from 

the hole edge at ±90 degrees from the loading direction. The material was tested in a 

servo-hydraulic test machine with the loading parallel to the rolling direction. A 

comprehensive set of initial crack lengths, maximum loads and R values were 

examined by Lacarac, (2000). Typical results from this research are shown in figure 

3.8. 

Using equations to relate crack length, crack and specimen geometry with stress 

intensity factor, a Paris law (Suresh, 1991) was fitted to the experimental results. 

However the determination of stress intensity factors. The coefficients for the Paris 

law are presented in table 3.5. Test results shown in figure 3.8(a) were obtained from 

a specimen loaded with a maximum remote stress Cyapp =162 MPa, a ratio R=0.1 and 

a frequency f= 10 Hz. Both crack lengths on the surface were monitored during the 

test. The crack growth rate and stress intensity factors were calculated and are shown 

in figure 3.8(b) and compared to the Paris law equation. Further tests are presented by 

Lacarac (2000) and include the effect of cold expansion in fatigue crack growth 

behaviour. 

3.6. Conclusions. 

(i) Improved creep resistance in comparison to RR58 is obtained in Al 2650 by 

additions of the alloying elements magnesium and manganese. 

(ii) it is anticipated that large plastic strains were produced during the rolling 

process which reduced the 170 mm thick ingot to the 15 mm thick plate. 

(iii) Tensile tests showed that there was a small influence of grain orientation (in 

rolling, transverse and 45 degrees direction) for the stress-strain behaviour. 
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(iv) Cyclic tests showed the importance of the Bauschinger effect. The BEF is 

similar for tension-compression and compression-tension tests. 

(v) Relatively small cyclic softening was observed using symmetric strain 

controlled tests. 

(vi) A power-law creep function was used to describe creep strain accumulation 

for different temperatures and different applied stresses. 

(Vii) Creep relaxation tests showed that prior plasticity resulted in slightly higher 

relaxation when compared to the as received material. 

(viii) A Paris law equation was used to predict fatigue crack growth from stress 

intensity factors. 
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Chapter 4 
Finite Element studies of Cold Expansion at Room 

Temperature 

The studies described in this chapter use FEA to determine the residual stress 

field surrounding cold expanded fastener holes. Simulation of the cold 

expansion process was carried out using both two-dimensional and 

axisymmetric models. In the latter, the effect of the mandrel pull-through was 

included and a combined hardening material model was used to take into 

account the behaviour of Al 2650 in reverse loading. The effect of external 

tensile or compressive loads at room temperature was also studied Residual 

stresses were found to redistribute after releasing the external load Finally, a 

detailed 3D analysis examined the benefit of cold expansion during application 

of external tensile stresses. 

Cold expansion analysis at room temperature. 

Cold expansion residual stresses are obtained from the Plastic deformation introduced 

around the hole. It was considered important to gain an understanding of the elastic- 

plastic material response. In previous analytical (Chen, 1986) and FE studies 

(Poussard, 1995) the influence of reverse yielding and the BEF were analysed. 

Therefore, it was considered interesting to include this effect in the material behaviour 

used in the FE studies. In figure 4.1a response to reverse loading for Al 2650 is 

compared to isotropic, kinematic and combined hardening models available in the 

commercial FE code ABAQUS (1999). The combined hardening model considers the 

influence of plastic strain and back-stress in the axial (z) direction due to machining 
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and forming processes such as rolling. The combined hardening model was fitted to 

experimental data for cyclic softening tests (Martinez, 1998). Cyclic softening is 

shown in figure 4.1 b for a strain controlled test and compared to FE predictions using 

the same combined hardening model on a single element analysis. However, this 

model is only suitable for three-dimensional or axisymmetric models as the BEF is 

obtained by means of an initial back-stress in the z direction. The mathematics 

involved in a combined hardening model are described by Martinez (1998) and are 

based on the combination of kinematic and isotropic hardening rules. The combined 

hardening was not suitable for future simulations of creep at high temperature. 

Therefore, a combination of different material models was used throughout the study. 

The simulation of cold expansion and results from the analysis are presented next. 

1.1. Two-dimensional uniLorm radiql eVansion. 

Initial FE studies of cold expansion were carried out using two-dimensional 

simulations. One quarter of a plate containing a centre hole was examined. The mesh 

is shown in figure 4.2, together with the boundary constraints to provide symmetry 

conditions. The FE mesh was refined near to the hole edge to account for high stress 

and strain gradients within the error tolerance of the calculations. The tolerance on 

residual force was set to 0.5% of the maximum force in the model. A total number of 

32 elements around the hole and 40 elements in the radial direction were used to 

complete a square containing a hole of radius a=3 mm and width b=50 mm. Extra 

elements were added in the x direction to complete a length of 2b=100 mm. In all 

cases,, eight noded second order isoparametric elements with reduced integration were 

used. Both cartesian (xyz) and cylindrical (r, O, z) co-ordinates were chosen to 

represent stresses and strains. 

The cold expansion process was simulated as an application of a uniform radial 
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displacement of the hole edge followed by displacement removal. Identical results 

were found by applying instead a uniform pressure to the hole edge followed by a 

pressure release. The simulations were carried out using both plane stress and plane 

strain conditions. An influence of hardening model was studied for kinematic and 

isotropic hardening as in previous research (Poussard, 1995). The results obtained are 

shown in figure 4.3. The plane stress condition showed less compressive tangential 

residual stresses close to the hole edge and a smaller plasticity region when compared 

to plane strain. Kinematic hardening models showed slightly less compressive 

tangential residual stresses close to the hole edge but also a slightly larger plasticity 

region when compared to isotropic hardening. Plane strain conditions led to more 

compressive residual stresses due to the influence of the axial (through-thickness) 

stress in the von-Mises plasticity criterion. 

4.1.2.2D axisvmmetric simulation with a mandrel ýpullged thrrgug& 

A 2D axisymmetric model of a rigid mandrel pulled through the hole is shown in 

figure 4.4 for a plate thickness h:: =6 mm, hole radius a=3 mm and outer disc radius 

b=16 mm. Cylindrical co-ordinates were used, defining the axial positions z--O for 

mid-thickness, z--3 mm, for the entrance face and z--3 mm for the exit face. 

As one of the consequences of axisymmetry, the split in the sleeve was not 

modelled. It was decided to incorporate the dimensions of the sleeve by increasing the 

size of the mandrel as in Poussard (1995) where it was concluded that an independent 

sleeve would increase the calculation time but would estimate similar residual 

stresses. 

The mandrel was modelled as a rigid surface with a maximum diameter 

oversized by 4% with respect to the hole diameter. The diameter change was obtained 

by means of tapering at 0.05 mm/mm. The comers of the tapered mandrel were 
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rounded to avoid problems during numerical calculations. 

The aluminium plate was modelled using four noded axisymmetric elements with 

reduced integration. Contact elements were placed between the rigid mandrel and the 

hole edge to transfer pressure and avoid penetration of the mandrel inside the mesh of 

the plate. Eight noded elements (used in 2D analyses) were not used as they gave 

contact problems. 

The elastic-plastic response was modelled using the combined hardening model, 

shown in figure 4.1 a, to take into account the Bauschinger effect. This model was 

based on a Ramberg-Osgood power-law equation with the introduction of a 

compressive back-stress in the axial (through-thickness) direction and cyclic 

behaviour. The equations and parameters required by ABAQUS (1999) are shown in 

table 4.1 for Al 2650 as described by Martinez (1998). 

Axial support of the plate was provided by non-linear spring elements placed near the 

hole edge up to rla--l. 16. This simulates the reaction force provided by the mandrel 

puller. The spring elements were defined to produce a high compressive force for 

negative displacements (stiffness FIU, -10" N/m) but a small tensile force for 

positive axial displacements (stiffness FIU, =10-1 N/m). A schematic diagram of such 

behaviour is presented in figure 4.4. 

The mandrel was pulled through the hole in incremental steps by imposing 

negative axial displacements to the mandrel. A large displacement scheme was used 

during the calculation, correcting the nodal position by adding the displacement after 

each increment. The expansion was completed in 120 increments of axial 

displacement. Several simulations were carried out and to improve the results the 

mesh was refined around the hole and near entrance and exit faces. 

Once the mandrel was completely pulled through, residual stresses and 
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permanent radial displacements of the hole and axial displacements of the entrance 

and exit faces were examined. 

Results for radial and tangential residual stresses are shown in figure 4.5, and axial 

and von-Mises equivalent stresses in figure 4.6 for different positions through- 

thickness plus the average results through-thickness. 

Radial residual stresses were found to be generally compressive as shown in 

figure 4.5a except at the entrance face and close to the hole edge. The highest 

compressive stresses of about -230 MPa were found at the exit face at a radial 

distance of r=5 mm (rla--l. 67). The average stresses along z were similar to those 

obtained for the mid-thickness position (z--O). 

Tangential residual stresses also showed a variation with radius and axial 

(through-thickness) position as shown in figure 4.5b. The least compressive residual 

stresses close to the hole edge were found at the entrance face. They ranged from -60 

to -100 MPa for radii between 3 mm (hole edge, rla=l) and 4.5 mm (rla=1.5). 

Poussard (1995), in his study on Al 2024, found less compressive and tensile residual 

stresses at this position close to the entrance face and the hole edge. The most 

compressive tangential residual stresses were found at the exit face at -420 MPa for a 

radius of about 4.0 mm. (rla=1.33). Once more, the average stresses along z were 

similar to those obtained for the mid-thickness position (z--O). The radius of 

plasticity, p', or area which has suffered some plastic deformation (Sanford and Link,, 

1989), can be obtained from the tangential stress profile (Armen et al., 1994). In this 

case the radius of plasticity was found to be approximately 7 mm (rla=2.33). 

The axial residual stresses were small in comparison to the radial and tangential 

stresses. This agrees with the plane stress assumptions commonly used for thin plates. 

Only significant values were found near the hole edge for z--2.50mm, in other words 
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0.5 mm below the entrance face of the aluminium plate. At this position large stress 

gradients were found with a maximum stress of about 200 MPa at the hole edge. 

Averaged through-thickness the axial residual stresses were small. 

Finally, von-Mises stresses are shown in figure 4.6b. As a consequence of the 

Bauschinger effect the equivalent stress is not constant near the hole edge. In this case 

hardening in reverse yielding leads to higher stresses at the hole edge where the 

effects of reverse plasticity are more important. However, this maximum equivalent 

stress is below the initial yielding stress of 430 MPa. It is also possible to examine the 

radius of plasticity, p', from the averaged stresses along the thickness (z). In this case 

it is easier to define three different regions: the elastic region for a radius bigger than 

p'= 7 mm (r/a>2.33= p'), the plastic region for a radius between 5 and 7 mm (1.67< 

rla<2.33), and the reverse plasticity region for a radius between 3 and 5 mm 

(l. 00<r1a<l. 67= p"). The results show that the material at the entrance face does not 

reyield during hole expansion release. 

The permanent deformations after cold expansion, in the axial direction for the 

entrance and exit faces, are shown in figure 4.7a as a function of radius. A maximum 

deformation of about 150 ýtm is detected at the hole edge for the exit face. The 

entrance face showed a smaller deformation of about 50 ýtm. In both cases the 

deformation was insignificant for a radius larger than 7 mm (rla>2.33). 

The permanent deformations of the hole in the radial direction (U, ) are shown in 

figure 4.7b as a function of the axial position (z). A maximum deformation of about 

105 gm is shown near the entrance face with an average deformation of about 98 [tm 

through-thickness of the plate. This deformation is equivalent to a permanent 

enlargement of 3.2% compared to the 4% nominal applied deformation during the 

cold expansion. Similar deformations were found for Al 2024 using FE models 

(Poussard, 1995) and experimental measurements (Priest, 1997). 
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Contour plots of the residual stresses predicted using the FE simulation are 

shown in figures 4.8a radial cy, 4.8b shear Trz, 4.8c axial a, z and 4.8d tangential c7oo. 

As a large displacement analysis was chosen, the plate appears in its final deformed 

state. 

The influence of the hardening model was examined using a FE simulation with 

classical isotropic and kinematic hardening models (Garcia-Granada et al., 1999a). 

Several researchers showed that a good approximation to the Bauschinger effect 

would generate less compressive tangential stresses near the hole edge in comparison 

to isotropic and kinematic models (Chen, 1986, Wanlin, 1993, Ball, 1994, Jahed and 

Dubey, 1996, and Lazzarin and Livieri, 1997). The results for tangential residual 

stresses obtained for Al 2650 using these models are shown in figure 4.9 for different 

positions through-thickness: (a) entrance face, (b) average through-thickness and (c) 

exit face. 

The combined hardening model predicted less compressive tangential residual 

stresses close to the hole edge and a larger area of reverse yielding. This was due to 

the initiation of reverse yielding for lower equivalent stresses during the release of the 

hole expansion. This difference was not so important near the entrance face as the 

material did not reyield during unloading (figure 4.9a). Elsewhere, differences were 

significant between the hardening models. The tangential stress averaged through- 

thickness at the hole edge was about: -400 MPa for the isotropic hardening, -360 

MPa for the combined hardening and -315 MPa for the new combined hardening 

model. 

The results obtained from a two-dimensional simulation with plane stress and 

kinematic hardening are also shown in figure 4.9b compared to axisymmetric 

simulations averaged through-thickness. The 2D model predicted more compressive 
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resi ual stresses near the hole edge, though the difference was small when compared 

to axisymmetric simulations with isotropic and kinematic hardening. 

4.2. Cold expansion 

temperature. 

and mechanical loading analysis at room 

Cold expansion is used to introduce beneficial compressive residual stresses around 

holes and to minimise the negative effect of the stress concentration. However, a 

complete study of such a benefit would only be justified by examining the interaction 

between residual stresses and applied external load. To study open holes in plates 

subjected to exterrial loads, axisymmetric models are difficult to use. Therefore two- 

dimensional models considering plane stress and kinematic hardening were used. The 

first case studied the application of a uniaxial tensile stress to cold expanded holes 

with the intention of assessing superposition assumptions. The next model examined 

the effect of compressive stresses where residual stress redistribution was expected. 

Finally, three-dimensional simulations were carried out to examine the benefit of 

residual stresses through-thickness of the plate. 

4.2.1.2Dvlane stress simulation with uniaxial tensile external load 

A simple 2D FE simulation was carried out using a mesh similar to that shown in 

figure 4.2. The cold expansion for 2D models was described earlier. A plane stress 

state was chosen to represent the thin plate containing the hole. This assumption was 

considered to be more realistic after the observation that the residual axial stresses 

were small from axisymmetric simulations. Kinematic hardening was used as the best 

available option for two-dimensional simulations as isotropic hardening would over- 
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predict the residual stresses, and combined hardening can not be correctly used for 2D 

models. 

First, the residual stresses were introduced in the plate by means of a uni orm if 

radial displacement at the hole edge. The external stress was then applied at the plate 

edge in the x direction (0=00). Several magnitudes of external stress3 ranging between 

cyy'/30 and 2cyy'/3, were studied. Finally, the external stress was removed giving rise to 

a new residual stress distribution. 

In figure 4.1 Oa the tangential stresses are shown with the application of an 

external stress of 215 MPa = cyy'/2. The original residual stresses arising from cold 

expansion are shown as a continuous solid line. The tangential stresses at an angle 

perpendicular to the applied load (0=90') can also be obtained from the residual stress 

plus the elastic distribution of the stress around a hole (Timoshenko and Goodier, 

1987 and Savin, 1966). In particular, the tangential stress at the hole edge: 

cToo(r=a, 0=90'), is equal to the tangential residual stress at the hole edge plus three 

times the applied stress. However the superposition effect is not valid for the direction 

of the applied load (0=0'). In this position, residual stresses close to the hole edge 

were highly compressive, and already on the yield surface. Therefore, external 

loading causes additional plasticity at this position. 

The final residual stress distribution after unloading as a function of normalised 

radius is shown in figure 4.1 Ob. A slight redistribution of residual stresses is found at 

0=90' from the original residual stresses arising from cold expansion. The major 

redistribution is produced near the hole edge for 0=0'. This residual stress distribution 

corresponds to cold expansion residual stresses and elastic unloading of the 

compressive stress at 0=0 originated by external loading. Timoshenko and Goodier 

(1987) described the tangential stress to be equal to the applied stress but compressive 

near the hole edge at this position. The relaxation is therefore similar to the applied 
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external stress of 215 MPa. 

For all cases studied, a substantial benefit from the cold expansion on tangential 

stress distributions in loaded conditions was found in the direction nonnal to the 

loading and near the hole edge. Yielding started at this position in non-cold expanded 

holes for applied stresses beyond one third of the yield stress (cyy'/3), while in cold 

expanded holes yielding was reached for applied stresses over 60% of the yield stress 

(0.6 aY'). Yielding occurred in compression for any tensile load in cold-expanded 

holes at 0=0 or the loading direction near the hole edge. For applied stresses ranging 

between 0 and (7y'/3, the difference in tangential stress at the hole edge for 0=90' 

between cold and non-cold expanded holes was about 400 MPa. This benefit 

decreased for higher loads as plasticity was introduced around cold expanded holes. 

For applied stresses over 0.6 c7y', a similar tangential stress was found at the hole edge 

for both non-cold expanded and cold expanded plates. 

4.2.2.2DDIane stress simulation with uniaxialCOMDressive external load 

A similar simulation was carried out for compressive applied stresses. The same FE 

mesh, plane stress conditions and kinematic hardening rules were applied. The 

compressive stresses applied ranged between -ay'/3 and --ay'/30. After removal of the 

external stress a new residual stress distribution was generated. 

The tangential stresses when an external stress of -143.33 MPa = --cyy'/3 was 

applied are shown in figure 4.11 a as a function of radius for two different angular 

positions: parallel (0=0') and normal (0=90') to the applied load. The solid line 

represents the original residual stress distribution arising from cold expansion. For 

0=00, elastic superposition is applicable. At the hole edge the tangential stress can be 

found from the residual stress as: c7oo(r=a, 0=0') is equal to the tangential residual 

stress at the hole edge plus the absolute applied stress. A very different effect 
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occurred at 0=90' where large plasticity was introduced by means of reverse yielding. 

The tangential stresses increased slightly in magnitude (slightly more compressive) 

near the hole edge where further yielding continued from cold expansion. It was 

found that there was an increase in the reverse yielding radius p". 

Once the mesh was unloaded a new residual stress distribution was found as 

shown in figure 4.1 lb, obtaining small compressive tangential residual stresses for 

0=90' and a distribution similar to the cold expansion residual stresses for 0=0'. This 

is in agreement with FE results published by Armen et al. (1984). 

It was found that any compressive load would introduce plasticity and 

redistribute the cold expansion residual stresses at positions normal to the direction of 

the applied load. Compressive stresses over one third of the yield stress would 

generate tensile residual stresses at the hole edge for 0=90'. 

4.2.3.3D plane stress simulation with uniaxial tensile external load 

Two-dimensional FEA showed the benefit obtained by cold expansion of holes when 

uniaxial external tensile stresses were applied to the plate containing the hole. 

However the residual stress distribution obtained after simulating the cold expansion 

in two-dimensional models were more compressive than those obtained from 

axisymmetric models which also take into account the Bauschinger effect. 

Furthermore two-dimensional models did not take into account either the variation of 

stress concentration with thickness and axial position (Sternberg and Sadowsky, 

1949), or the variation of residual stresses with axial position from the cold expansion 

process. 

In order to complete the examination of the benefit of cold expansion it was 

decided to conduct three-dimensional simulations. However, it was found very time 

consuming to simulate the complete process. Poussard (1995) undertook a complete 
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3D analysis of the mandrel pulled through the hole without a sleeve, but the 

simulation time was very large. He also indicated an alternative method of solving the 

problem. He suggested importing residual stresses from an axisymmetric simulation 

into a 3D mesh and then to apply the external loading. 

In this research it was decided to run a Fortran (Atkinson et al., 1989) subroutine 

called SIGINI (ABAQUS User Subroutines, 1997) to read residual stresses from 

axisymmetric models and input residual stresses into three-dimensional models. The 

correction for different meshing was done through interpolation. This interpolation 

dealt with the effect of introducing additional material as in the case of rectangular 

plates. Poussard showed little influence in residual stresses from cold expansion 

between circular discs or rectangular plates. 

Once the residual stresses were introduced into the 3D mesh, equilibrium was 

ensured by computing a first step with no external loading. A kinematic hardening 

rule was used to model the material. Therefore any information about the combined 

hardening, in particular the evolution of plastic strains (and permanent deformations) 

and back-stresses, was lost during the transfer as indicated by Poussard (1995). 

Two identical models were executed to simulate cold expanded and non-cold 

expanded holes. Only the first case used the subroutine to read residual stresses. Then 

external loading was applied as a uniformly distributed pressure at the plate edge to 

both models, and finally the stress distribution around the hole was analysed. 

In figure 4.12 the tangential stress distribution is shown for both non-cold 

expanded hole and cold expanded hole. The external stress applied was (a) 143.33 

MPa = cyy'/3 and (b) 215 MPa = (yy'/2. For the non-cold expanded hole the effect of 

the stress concentration lead to yielding near the hole edge. Higher tensile tangential 

stresses were found at the mid-thickness positions. This is because of the influence of 

axial stresses that are zero at top and bottom free surfaces but slightly compressive at 
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mid-thickness. 

For cold expanded holes, the distribution of stresses through-thickness is more 

important and is a consequence of the effect of pulling a mandrel through the hole. As 

expected, the minimum benefit was obtained near the hole at the entrance face. At this 

position tangential stresses reached values up to 300 MPa for (a) uapp := cyy'/3 and up to 

470 MPa for (b) (Tapp::::: (yy'/2. However the tangential stresses were still compressive in 

some regions close to the hole edge. 

4.3. Conclusions. 

(1) Two-dimensional models were used with a kinematic hardening material 

model and plane stress state. These models were found to be the most realistic 

approach available for simulating cold expansion in thin plates of Al 2650. 

(ii) Axisymmetric models of a mandrel pulled through the hole predicted small 

tangential compressive stresses at the inlet or mandrel entrance face. The outlet or 

mandrel exit face predicted slightly less compressive tangential stress at the hole edge 

when compared to the through-thickness average. 

(iii) The variation through-thickness was only important for the first millimetre 

close to the entrance and exit surfaces. The mid-thickness distribution is similar to the 

average through-thickness. 

(iv) The radial residual stress showed tensile values close to the hole edge for the 

inlet face. 

(V) The hole suffered a permanent radial deformation of 3.4% near the entrance 

face. 

(vi) The combined hardening model available for axisymmetric simulations fitted 

the stress strain behaviour of Al 2650 including the Bauschinger effect. This 
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generated less compressive residual stresses when compared to kinematic and 

isotropic hardening models. 

(Vii) Using 2D models, the benefit of cold expansion was found for the application 

of tensile stresses. A considerable relaxation of residual stresses was shown after the 

application and release of compressive stresses. 

(viii) A more detailed examination of the benefit of cold expansion was carried out 

using 3D models by introducing residual stresses from axisymmetric simulations. The 

least benefit was obtained near the hole edge at the entrance face. 
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Chapter 5 
Finite Element studies of creep stress relaxation 

In this chapter, FE simulations of creep relaxation are presented. Creep was 

simulated usingpower-law models and compared to creep strain accumulation 

tests under constant load The simulations were also compared to stress 

relaxation tests under constant strain, including studies of the effect of prior 

plasticity. The results obtained are presented first as a relaxation of cold 

expansion residual stressesfor both two-dimensional and axisymmetric models 

without the interaction of external loads. The interaction of creep and external 

loads was then examined using two-dimensional and three-dimensional 

models. For both cases, the evolution of stress and strain was obtained as a 

function of time and the final residual stress distribution presented once the 

external load was removed 

5.1. Creep stress relaxation at high temperature. 

Creep is a time dependant deformation caused by thermally activated movement of 

vacancies, dislocations, etc. at high temperatures. This implies that creep strain is a 

function of stress, time and temperature. Several models are available and have been 

described in the literature review. For the aluminium alloy Al 2650 in use in this 

research, it was decided that a power-law model was to be used after examination of 

research by Polmear et al. (1996). The power-law was determined from experimental 

results in chapter 3 and described by table 3.4. The experimental results were a 

combination of strain accumulation under constant load and stress relaxation under 
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constant strain conditions. 

To validate the FE model of the creep, a single element simulation was carried 

out where the stress was held constant to measure creep strain accumulation and 

compare it to experimental results. In figure 5.1 a the total (creep plus elastic) strain 

accumulation from experimental tests at 150T for different loads are compared to the 

FE simulations. A good agreement is obtained at low stresses. For stresses over 300 

MPa the agreement is less good due to the reduction of cross-section and the 

proximity to yield stress which would lead to plasticity (Ashby and Frost, 1982). 

The research in this thesis is concerned on the relaxation of residual stresses. 

Therefore a single element was subjected to a uniform displacement and allowed to 

relax. Simulation results were compared to experimental tests as shown in figure 5.1 b, 

where the effect of prior plasticity in the experiments is also shown. Plane stress and 

time hardening rules were chosen and are described later. 

An explicit Euler method, also known as forward-difference niethod,, was used 

during the time dependant calculations. Small time steps are required to ensure 

stability. The use of implicit calculations was dismissed, as frequent re-solving of the 

stiffness matrix is required. The FE simulations used the multi-axial form of the 

Norton-Bailey power-law given by equation 2.25. A description of the FE algorithms 

and procedures used in creep analysis can be found in Hinton (1980). The use of a 

time hardening rule to solve creep strains as a function of time has no influence in 

strain accumulation tests but predicts a larger stress relaxation under constant strain if 

compared to strain hardening calculations. 

Time hardening was chosen to carry out the simulations with the constants given 

in table 3.4 as they produced the best fit to experimental results. However the least- 

squares technique was difficult to use with these experiments to obtain a good 

correlation because in a power-law there are many parameters to be fitted. The results 
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of the curve fit were considered to be optimised for the conditions shown in figures 

5.1 a and 5.1 b with time hardening, as they produced the best fit even considering the 

influence of prior plastic strain. 

Simulations and models assumed a constant temperature distribution along the 

specimens and both creep strain accumulation and stress relaxation started at a 

temperature of 150'C. This assumption was considered to be suitable for thin plates of 

alurninium where the high thermal conductivity would assure a rapid uniform thermal 

distribution. This was checked experimentally by Lacarac (2000). 

Two different approaches were used to simulate the change of temperature. The 

first considered a change of material properties followed by creep. In the second 

approach the creep analysis was undertaken without considering a change of yield 

stress or Young's modulus with temperature. However, this did not have a significant 

influence on the results. 

5.1.1.2D plane stress redistribution ofresidual stresses. 

An initial creep stress relaxation analysis was performed using a two-dimensional FE 

simulation. Cold expansion was simulated as described in the previous chapter, using 

uniform radial expansion of the hole edge, a kinematic hardening material model and 

a plane stress state. 

The effect of creep was modelled using the Norton-Bailey power-law model 

(table 3.4) with time hardening rules. During the simulation at 1500C, the plate was 

free of external loads leading to residual stress redistribution. 

In figure 5.2a the redistribution, or relaxation, of radial residual stresses is shown 

for different times up to 1000 hours. Such relaxation is a consequence of the 

accumulation of creep strains in areas where the equivalent von-Mises stress is a 
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maximum. In order to understand this relaxation, the redistribution of tangential 

residual stresses is shown in figure 5.2b for different times, as a function of distance 

from the hole centre. The highest stress relaxation occurred near the hole edge, where 

the equivalent stress was a maximum. This relaxation is in agreement with the 

experimental studies from Eigenmann et al. (1994) for shot peened 42CrMo4 after 

annealing at 400'C. They observed the highest relaxation close to the peened surface 

where residual stresses were most compressive. Similar experimental results were 

obtained by Lillamand and Barrallier (1996) for different temperatures and exposure 

times also in shot-peened steel specimens. A study of cold expansion was carried out 

by Throop et al. (198 1) on autofrettaged steel cylinders, but in this case a thermal 

difference was obtained between the inside of the tube and the outside as in Beeston 

and Burr (1979) for a stainless steel. Therefore thermal stresses were added to residual 

stresses and played an important role in the relaxation. 

The change in tangential strains with time for different radial positions is shown 

in figure 5.3a and for tangential stresses in figure 5.3b. The strain did not remain 

completely constant during relaxation. Strain changes up to 0.16% occurred near the 

hole edge. This is an important strain change, as the material accumulated small 

amounts of creep strain. This case is similar to problems of creep under constant 

displacement for specimens with a variable cross-section (Boyle and Spence, 1983). 

5.1.2.2D axisym2imetric n0istr ýfti-butho-nof -resid-Yal -stresKs-e-s. 

As described in the previous chapter the distribution of residual stresses arising from 

cold expansion was a function of the thickness or axial position (z). This effect was 

observed using simulations of a mandrel pulled through in axisymmetric models for 

three different hardening models: isotropic, kinematic and the combined hardening 
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model which provided the best fit to Al 2650 elastic-plastic behaviour. Therefore, the 

creep relaxation of residual stresses in the axisymmetric model was studied. 

The creep power law, with a time hardening rule, was used to simulate the time 

dependent process. However, in the version of ABAQUS (1999) available at the time 

of the study the combined hardening model of plasticity could not be used with creep 

models. Therefore,, the creep distribution of residual stresses arising from combined 

hardening models was done on kinematic hardening models. The residual stresses 

from a combined hardening analysis were introduced in the creep simulation using the 

subroutine SIGINI (ABAQUS User Subroutines, 1997). During the simulation, the 

von-Mises equivalent stress was checked to guarantee that no additional plastic 

strains were introduced, as this would have an effect in the change from combined to 

kinematic hardening. The relaxation was purely elastic with generation of creep 

strains. For completeness, results were compared to axisymmetric models with 

residual stresses arising from isotropic and kinematic hardening material models. 

Relaxation behaviour of the residual stresses obtained for the three hardening 

models are very similar, with faster relaxation obtained for the isotropic model where 

the initial residual stresses were maximum (most compressive) near the hole edge. 

The radial variation of the tangential residual stresses from the combined hardening 

model are shown in figure 5.4 after 1000 hours at 150'C. Residual stresses at the 

entrance and exit faces are shown, together with the average through-thickness 

residual stress before and after creep. The average through-thick-ness was similar to 

the residual stress distribution at the mid-thickness position in both cases. 

The relaxation near the entrance face was insignificant, with the low compressive 

tangential stresses unaffected. The relaxation was significant near the hole edge 

elsewhere far from the entrance face. The tangential stresses near the exit face 

decreased in magnitude from values close to -380 MPa at r1a = 1.4 to -270 MPa after 
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1000 hours of creep, A similar effect occurred for the averaged stresses through- 

thickness. A small relaxation of the tensile stresses far from the hole edge was 

observed. 

5.2. Creep stress relaxation with mechanical loading at high 

temperature. 

Research into the behaviour of cold expanded holes in supersonic aircraft involves the 

study of creep at temperatures expected in wing components at supersonic speeds. 

However, such temperatures are achieved under flight conditions and therefore the 

effect of external loading must be taken into account. 

As previously described, axisymmetric models can not be easily used for the 

application of uniaxial external loads, and therefore 2D models were used as a first 

approach to reproduce several loading and creep conditions. Finally 3D models were 

used to check the residual stress distribution as functions of radial, angular and axial 

positions (r, 0 and z respectively). In these models, the technique of mapping residual 

stresses from axisymmetric models was used, as described in the previous chapter. 

In all cases three steps were used after the introduction of residual stresses as an 

initial condition: first loading, then time-dependant creep and finally unloading. 

5.2.1.2DpiLane s ress with un-iaxial -tens-ile e-xtern-allo-ad , ýt ý- 

Two-dimensional models were used as an efficient method of evaluating the creep 

behaviour for different combinations of external loads and exposure times. Kinematic 

hardening under plane stress conditions was used to be consistent with the earlier 

simulations at room temperature. The same procedure as described earlier for room 

temperature loading was used, then using creep redistribution, before unloading. 
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Results shown in figure 5.5 correspond to a simulation where the cold expanded 

plate was loaded in tension with a uniaxial stress of 143.33 MPa (GY'13). The material 

properties were not changed as a function of temperature before and after running the 

creep analysis. As mentioned throughout the chapter this had a small influence in the 

final residual stress distributions. 

The tangential stresses as a function of the normalised radius (r1a) with the load 

applied at 150T before and after creep, are shown for an angular position 0=0' in 

figure 5.5a and for 0=90' in figure 5.5b. Finally, once the creep analysis was 

simulated for 1000 hours the samples were unloaded. A new residual stress 

distribution was found and is also shown in figure 5.5 for 0=0' and 0=90'. Large 

stress relaxation was observed in the loading direction (0=: =O' in figure 5.5a). The 

relaxation in the normal direction (0=90' in figure 5.5b) was much smaller. 

The variation of these residual stresses after 1000 hours of creep are shown in 

figure 5.6 as a function of angle for different radial positions. New shear residual 

stresses were generated as a result of relaxation. These shear stresses did not arise in 

the initial simulation of a cold expansion. As most of the stress relaxation occurred 

near the hole edge the variation with angle of residual stresses was observed only for 

rla<2.00,, with a maximum angular variation at the hole edge. In figure 5.6c the final 

tangential residual stresses are shown. At the hole edge the compressive stress varied 

from -115 MPa in the loading direction to -315 MPa at 90 degrees to the loading 

direction. 

The relaxation at the position normal to the loading (0 = 90) was less than the 

results obtained for creep relaxation without external load. The results of the latter 

case are shown in figure 5.2 where residual stress at the hole edge decreased to a less 

compressive tangential stress of -285 MPa,, compared to -315 MPa for the case of 

relaxation with external loading. However, this difference is small and can not be 
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generalised, as there are many factors such as the magnitude of the external loading 

and the relaxation time. The situation that gave the most extensive relaxation was a 

compressive load at high temperature with results similar to those given in figure 4.11 

for room temperature conditions. The relaxation for compressive loading at high 

temperature was more important because in addition to plastic strains introduced 

during compressive loading at 0=90', high values of creep relaxation were obtained. 

However, these conditions are not likely to occur during flying conditions for long 

times. 

5.2.2.3D simulations with uniaxial tensile external load 

Three-dimensional simulations were carried out by importing residual stresses from 

axisymmetric models and taking into account the through-thickness distribution of 

residual stresses and Bauschinger effects. The introduction of residual stresses was 

carried out using interpolation in the radial r and axial z direction to take into account 

different mesh densities, and change from axisymmetric circular free boundaries to 

plate rectangular edges. Equilibrium was checked after the introduction of residual 

stresses using a kinematic hardening material model. External loads were applied as a 

uniformly distributed pressure at the plate edge and the stresses were redistributed due 

to creep. Finally the external load was removed and new residual stresses were 

generated. 

The tangential residual stresses before and after creep are shown in figure 5.7 for 

an external applied tensile stress of 143.3 MPa (cyy'/3) at 150'C for 1000 hours. The 

initial residual stresses were imported from axisymmetric distributions and therefore 

were the same for any angular position. After unloading the residual stresses are a 

function of angle. Two angular positions are shown: 0=0' in the loading direction and 
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0==90' normal to the loading direction. Three positions through-thickness are shown 

in figure 5.7: (a) is the entrance face, (b) the average through-thickness and (c) the 

exit face. 

The largest relaxation occurred in the loading direction where the loading 

imposed highly compressive tangential stresses. However, this effect is not shown 

near the entrance face where the tangential residual stresses arising from cold 

expansion were less compressive. Normal to the loading direction a small relaxation 

occurred for the averaged through-thickness stresses. Near the entrance face the 

tangential stresses even became slightly more compressive. 

Comparing the relaxation of stresses averaged through-thickness from the 3D 

model with those obtained from the 2D models shows that similar results were 

obtained. The effect of the through-thickness distribution of residual stresses with 

unloaded samples in both the 2D and 3D cases were similar. The largest relaxation 

was produced near the hole and far from the entrance face. 

5.3. Conclusions. 

(i) Creep was studied as a time dependent phenomenon using power-law and 

time hardening rules for a constant temperature of 150T. 

(ii) The relaxation of residual stresses did not occur under constant strain 

conditions and therefore the combination of strain accumulation and stress relaxation 

tests was necessary to fit the creep parameters. The relaxation tests included some 

studies from Martinez (1998) about the influence of plastic strains in creep relaxation. 

(iii) Two-dimensional models are a valid method to predict averaged through- 

thickness residual stress relaxation of cold expanded holes as they are comparable to 
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the averaged through-thickness results from three-dimensional simulations. 

(iv) Larger relaxation of residual stresses was found for the positions normal to the 

applied load in cold expanded holes without external load compared to loaded 

samples in tension. 

(V) The worst case of residual stress distribution would occur for compressive 

loading and creep, but this is unlikely to happen in service. 

(vi) Complicated three-dimensional residual stress distributions were generated 

after creep and external loading as functions of radius, angle and axial positions (r, 0 

and z respectively). 
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Chapter 6 
Finite Element studies of cracks 

Elastic-plastic FEA were carried out to simulate the presence of cracks in 

fastener holes. Different crack lengths and external loads were examined in 

models with several distributions of residual stress, These distributions 

included those for non-cold expanded holes, and cold expanded holes after 

different combinations of external load and creep. Two-dimensional models 

were combined with three-dimensional models of through-thickness and 

corner cracks. Stress intensity factors were calculated and ftom them fatigue 

crack growth behaviour was predicted The benefit of cold expansion was 

demonstrated as afatigue improvement methodfor Al 2650. 

6.1. Effect of cracks on cold expanded holes with external load at room 

temperature. 

FEA has been used to model the interaction between residual stresses and stress 

intensity factors. A review of FE techniques in fracture mechanics can be obtained 

from Gallagher (1978). Ball (1994) used an analytical solution to predict the fatigue 

life improvement of cold expanded holes as a function of the level of interference in 

Al 2219-T851 plates. These solutions were extended by Ball and Lowry (1997) using 

FEA to predict the fatigue crack growth in Al 2124-T851 as a function of the level of 

interference applied during the cold expansion process. Armen et al. (1984) also used 

FEA to predict fatigue crack growth in cold expanded holes after the application of 

compressive loading. 

The combination of FE predictions and other methods, such as the BEM (Becker 
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et al., 1993 and Bourke et al., 1991) and the widely used weight function analysis 

(Grandt, 1975 and Grandt and Kullgren, 1983) is recommended (Poussard, 1995). 

Such methods allow the interpretation of experimental results obtained from fatigue 

crack growth tests (Cook et al., 1994). 

Pavier et al. (1998,1999) using FE and weight function analysis for cold 

expanded holes with through-thickness cracks, obtained similar results for both 

techniques. In this current research, FE predictions are included for more cases of 

crack geometry and residual stresses than in previous work. All the cracks are studied 

at a position normal to the load applied (0 = 90 degrees), emanating from the hole 

edge (r = a) and considering several crack lengths (c). To avoid confusion the same 

cylindrical co-ordinate system as in previous chapters is used, with radius r measured 

from the hole centre and angle 0. 

The FE mesh and contour paths were similar to those presented by Poussard 

(1995), with nodes concentrated near the hole edge and a refined mesh around the 

crack tip. For symmetry conditions only one quarter of a plate and hole was simulated 

with loads applied as uniform pressures at the plate edge. This means that the study is 

assuming the existence of double cracks on both sides of identical length. 

6 LL 2D plane stress non d 

First, studies were made using two-dimensional models of cracks emanating in the 

radial direction from fastener holes of radius a--3 mm. Crack lengths ranged from 

c=O. 25 mm to c=4 mm. Load was applied as a constant pressure acting on the edge of 

the plate in the direction perpendicular to the crack. Only one quarter of the plate 

containing the hole was modelled by applying symmetry conditions. This meant that 

the model represented double cracks of equal length located at both sides of the hole. 

In order to account for the effect of crack closure, non-linear spring elements were 
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located along the crack length. These springs provided high compressive reaction 

forces for small negative displacements (stiffness F, 1 U, = 10 11 N/m), but insignificant 

tensile reaction forces for positive displacements (stiffness FIU, =10-1 N/m). This 

means that the crack faces can not cross each other. The results using non-linear 

spring elements were compared to results using contact elements to provide crack 

closure as used by Poussard (1995). The results for residual stresses were very 

similar, but the use of contact elements introduced difficulties for evaluation of the J- 

integral and therefore spring elements were chosen to complete the analyses. 

Stress intensity factors were calculated directly from the values obtained for the 

J-integral based on the work by Rice (1968). J was calculated along different paths 

around the crack tip as explained by Poussard (1995). This analysis is completely 

implemented by ABAQUS (1999). These paths surrounded the crack tip with the first 

paths formed by the closest nodes to the crack tip position. The distance r, is given to 

evaluate the distance from the crack tip to the path in the radial r direction. 

The stress distribution ahead of the crack in the direction normal to the loading (0 

= 90) of non-cold expanded holes for a crack length c=2 nun is shown in figure 6. Ia. 

These stresses are normalised with respect to the yield stress, Young's modulus and 

the J-integral in figure 6.1 b to show results independent of the applied external load. 

As the crack was placed normal to the applied load, the stress distribution at 0=90' in 

the direction of the loading is equivalent to tangential stress cyoo. The slopes of the 

elastic and plastic regions are in agreement with HRR solutions (Hutchinson, 1968 

and Rice and Rosengren, 1968) for a hardening material using a Ramberg-Osgood 

model to simulate the hardening behaviour. Two slopes are shown in this log-log plot 

for the elastic and plastic region. The elastic slope is -1/2 while the plastic slope is - 

11(np+l) where np is the hardening coefficient of the Ramberg-Osgood law (equation 

2.17). However, the simulation did not use a Ramberg-Osgood power-law but a 
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linear kinematic hardening model. 

Poussard (1995) also used a linear kinematic hardening model for his FE 

analyses and obtained slopes which were not constant in the plastic region. He used 

different Ramberg-Osgood models, with decreasing hardening coefficients np for 

increasing plastic strains, to compare with the linear kinematic hardening, to provide a 

justification for the slopes. 

The crack face opening shown in figure 6.2a and J-integral shown in figure 6.2b 

are evaluated for increasing loads applied to non-cold expanded holes with a crack 

length c=2 mm. Several researchers such as Carpinteri et al. (1999a and 1999b), Lin 

and Smith (1997 and 1998) found a relation between the crack tip opening 

displacement and the J-integral. This is explained in detail later in this chapter. The 

crack was always open for a far field tensile stress with the largest opening near the 

hole edge. As expected the J-integral was path independent, i. e. the value of J did not 

depend on the contour chosen around the crack tip. In figure 6.2b J is plotted as a 

function of the radial distance, from the crack tip in the direction normal to the 

loading, which defines the midpoint of the path of the contour. 

6 1.2.2Dvlane stress cold ad 

The study was repeated for cold expanded holes using the same mesh and integral 

paths as for non-cold expanded holes. First, cold expansion was simulated by means 

of a 4% uniform radial expansion and subsequent release to generate residual stresses. 

The crack was introduced in the model in the plane normal to the load to be applied (0 

= 90 degrees). Nodes were released along the crack length and crack closure was 

obtained from the spring elements. Finally, the external loads were applied as a 

uniformly distributed pressure at the plate edge. Values of local crack tip tangential 

stresses, crack opening and J-integral were examined. 
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In figure 6.3 the tangential stresses at 0= 90' for a crack length c=2 min are 

plotted for different external loads, in 6.3a as a function of distance from crack tip and 
in 6.3b as function of radius from the centre of the hole. The presence of residual 

stresses makes it difficult to relate the slopes shown in figure 6.3a with HRR 

solutions. Nevertheless, Pavier et al. (1998,1999), showed that curve fitting to HRR 

solutions was possible from the results obtained by Poussard (1995) for Al 2024 (E = 

71 GPa and cyy'= 380 MPa). A stress singularity is found in figure 6.3b for loads over 

50 MPa, the load that induced tensile tangential stresses near the crack tip. The 

original residual stress distribution is shown in figure 6.3a when the external load is 0 

MPa. 

Crack opening displacements are shown in figure 6.4a as a fanction of distance 

from the crack tip. The crack opened from the crack tip for a remote stress over 50 

MPa. This is in accordance with the appearance of a stress singularity around the 

crack tip. For external loads over cyY'13 the crack eventually opened at the hole edge. 

In all external load cases smaller opening displacements were obtained when 

compared to non-cold expanded holes. 

The J-integral was evaluated for different contours around the crack tip. The 

results are shown in figure 6.4b for each of the loads applied to the same crack length 

of c=2 mm. The values obtained were found to be path dependent for all loading cases 

in the presence of residual stresses from cold expansion, consequently J must be 

evaluated by taking the limiting value near the crack tip (Anderson, 1995). FE can not 

determine the value of J at the crack tip position where a singularity is defined and 

therefore personal judgement is required to determine the J-integral following this 

method as FE values at the crack tip are not reliable. Only for the application of high 

loads, was it clear that there is a transition between a path independent J (near to the 

crack tip) and a path dependent JA limiting value was determined from the path 
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independent region (Poussard, 1995). It was also possible to determine a zero J- 

integral for loads below 50 MPa which did not generate stress singularity. Alternative 

methods of determining J are also evaluated later. 

Finally in this section, the stress to force crack opening is predicted and shown for any 

crack length emanating from a cold expanded hole. The prediction of the applied 

stress is based on the elastic superposition of residual stresses and the effect of 

external loads around holes (Timoshenko and Goodier, 1987). The prediction 

calculates the position where the tangential stress becomes tensile which is an 

approximation to the position where crack opening takes place. To do so the 

tangential residual stress must be equal to the tangential stress from remote loading at 

the position of opening. The applied stress to achieve this effect for any radius is 

given by the following the relation: 

2cy RS (r 
cy, pp 

(r) 

)2 
00 

(a )4- 
2+ +3 

rr 

(6.1) 

The residual stress cTOROS (r) is obtained from the earlier plane stress kinematic 

hardening models of cold expansion shown in figure 6.5a. The applied stress 

necessary to cause crack opening calculated from equation 6.1 is also shown in figure 

6.5a. The prediction establishes the region of tensile stress where it is assumed that 

the crack is open for any crack length. In figure 6.5a two examples, case I and case 2, 

are shown for a crack length of c=2 mm. For a remote stress of 100 MPa (case 1) the 

crack is predicted to open at the crack tip and to be closed near the hole edge. For a 

larger remote stress (case 2) the crack is predicted to open at both the hole edge and 

the crack tip but remain closed in between. For remote stresses over 220 MPa the 
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crack is predicted to be fully open. These results are in agreement with opening 

displacements obtained from FE analysis and shown in figure 6.4a. However there is 

increasing error for the elastic analyses for increasing remote stress. This was due to 

plasticity introduced around the crack tip which is not taken into account using 

equation 6.1. Figure 6.5a shows curves of the crack opening ratio generated for 

different crack lengths, as a ratio of the crack length which is open c', to the total crack 

length c. An example for c=2 mm is shown in figure 6.5b showing the crack opening 

ratio from the crack tip, the hole edge and the total. 

For cracks longer than c=2.5 mm, a tensile residual stress was predicted by FEA 

near the crack tip. This method calculates that a compressive far field stress is 

necessary to provide crack closure. 

6.2. Effect of cracks on 4% cold expansion residual stress distribution 

due to creep. 

The study of the effect of creep relaxation of residual stresses on components 

containing cracks was divided into two main sections: creep without an externally 

applied load, and creep with an externally applied load. Both cases were studied using 

two-dimensional models as the introduction of cracks into axisymmetric models is 

unrealistic. The 2D models used plane stress conditions together with a kinematic 

hardening plasticity model, power-law creep and time hardening at 150T. In the cold 

expanded cases the residual stresses were introduced into uncracked specimens and 

then the crack was introduced into the model by node release. 

The same material parameters used in the creep relaxation studies presented in 

chapter 5 were used in this work. The material parameters are given in table 3.4. 
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6 2.1.2D plane stress 

Two-dimensional simulations of creep relaxation were carried out for crack lengths 

ranging from 0.25 to 4 mm, using plane stress conditions. In all cases the mesh was 

refined around the crack tip and the cylindrical co-ordinate system from the centre of 

the hole was used. For short crack lengths, which placed the crack tip within the 

compressive tangential residual stresses (c<2 mm), the same relaxation as in 

uncracked samples was observed. This was because the crack remained closed during 

the simulation and no local stress singularity was obtained near the crack tip. 

Therefore, special attention was paid to simulations with long cracks,, with the crack 

tip within the tensile residual stresses (c >2 mm). For these cases, stress singularities 

were attained and the residual stress relaxations were different than in the case of 

uncracked samples. The tangential stresses from a simulation of a cold expanded hole 

containing a long crack of length c == 3 min are shown in figure 6.6a for different 

positions ahead of the crack tip and in figure 6.6b as a function of radius, in both 

cases for 0=90' to the direction of the crack. The characteristic elastic slope (-1/2) 

was related to the kind of strain after creep in two areas: in the elastic region far from 

the crack tip it was still -1/2, but it became more related to creep (-11(nc+l)) near the 

crack tip. This was through a very localised effect with a very small influence on the 

stress relaxation occurring near the hole edge which was similar to uncracked 

samples. 

Initially, when the nodes along the crack face were released, the crack slightly 

opened near the crack tip. The maximum crack opening displacement was of about 

0.43 ýtm. Due to creep, the crack opening and J-integral decreased with time as 

shown in figure 6-7a and b respectively. Once more, two different regions are shown 

for the evaluation of J path independent near the crack tip and path dependent away 
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from the crack tip. 

6.3. Redistribution of stress singularity due to creep and external load. 

The relaxation of stress singularities was studied for both cold and non-cold expanded 

models with the application of external uniaxial loads. Residual stresses, once the 

models were unloaded, were also predicted. Two-dimensional models were used as in 

previous sections and results for plane stress and kinematic hardening followed by 

power-law creep are described next. 

6.3.1.2D plane stress non-cold expanded holes with external load and crýý. 

Previous studies in section 6.1 showed that non-cold expanded holes containing 

cracks normal to the remote stress (0 = 90') revealed high stress singularities when 

compared to cold expanded holes. Therefore high stress relaxation was expected near 

the crack tip when the material was allowed to creep. 

For the case of a non-cold expanded hole with crack length c==2 mm, the 

tangential stresses directly ahead of the crack tip are shown in figure 6.8a and in 

figure 6.8b as a function of radius from the centre of the hole, for 0=90',, direction 

normal to the loading. The stress applied was one third of the yield stress at room 

temperature (a,, pp=143.3 MPa) for 1000 hours of creep at 150'C. The slope of the 

stress versus distance from the crack tip in the initial plastic area increased during the 

stress relaxation to become a characteristic creep related slope. The stress singularity 

decreased as a consequence of stress relaxation and the accumulation of plastic strains 

near the crack tip. After the load was released, compressive tangential residual 

stresses were generated ahead of the crack tip. 

In figure 6.9a results for crack opening displacement are shown. There was an 
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increase in opening during creep strain accumulation. Indeed, the crack did not close 

once the external load was removed due to accumulated creep strains around the crack 

tip. The variation of the J-integral with increasing path length and time is shown in 

figure 6.9b. Initially J is path independent but with increasing time became path 

dependent. The interpretation of J becomes more difficult as shown in figure 6.9b 

where an initial path independent integral became path dependent due to the 

accumulation of creep strains around the crack tip. 

6 3.2.2D p ane stres, ý cold e, ýpandedholes ith xternal loada d cree . 

FE simulations were carried out for combinations of crack lengths, loads and creep 

exposure times for cold expanded holes using identical meshes to non-cold expanded 

holes. The FE mesh was kept as for non-cold expanded holes to avoid problems in 

interpreting results from J integration, even though in some cases this was time 

consuming. 

The tangential stresses shown in figure 6.10 correspond to a model with a crack 

length c=2 mm, with the application of an external load equivalent to one third of the 

yield stress at room temperature (Gapp --- : 143.3 MPa). The remote stress was applied for 

1000 hours of creep at 150'C. The load was removed and the tangential residual 

stresses in the direction of the crack (normal to the load) are also shown. In figure 

6.1 Oa the change of slope from elastic-plastic behaviour to elastic-creep behaviour 

observed in the results shown in figure 6.6 is not observed here. This is due to a 

smaller creep strain accumulation during the process in comparison to non-cold 

expanded samples. Stress relaxation is shown in figure 6.1 Ob as a function of distance 

from the hole centre. Once the remote stress is removed compressive residual stresses 

ahead of the crack tip are obtained. Stress relaxation elsewhere was similar to 

uncracked samples, showing once more that a combination of creep and external load 
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produced lower relaxation close to the hole edge than creep without external load. 

Crack opening displacement was found to increase with time as for non-cold 

expanded holes but not in the case of long cracked cold expanded holes without 

external load. The crack opening displacement of a crack of 2 mm (c =2 mm) is 

shown in figure 6.11 a for small scale crack displacements. The crack remained 

slightly open close to the crack tip once the external load was removed as a 

consequence of the accumulation of plastic and creep strains. Once more, it was 

difficult to interpret a path independent J-integral. The plateau close to the crack tip 

gave an increase of J with time of creep exposure. Once the load was removed J 

decreased but it was difficult to determine the value near the crack tip. 

6.4.3D stress intensity factors. 

In this section, models of through-thickness and corner cracks are described and 

compared with the 2D results presented earlier. Simulations were carried out using 

three-dimensional models for different crack lengths to evaluate the influence of five 

different residual stress distributions. The residual stresses arising from cold 

expansion were simulated using axisymmetric models and then mapped into the 3D 

mesh. Cracks were introduced in the model after the input of residual stresses and 

then six different uniaxial external loads (stresses) were applied. The aim was to 

evaluate stress intensity factors for cold expanded holes in different states when 

compared to non-cold expanded holes. The five simulations of residual stress 

distributions are: 

(a) Non--cold expanded, cracked and finally loaded in tension, (ncw). 

(b) Cold expanded hole, subjected to compression using a far field stress of one third 
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of the yield stress, released from the external compression, cracked, and finally 

loaded in tension, (cwcp). 

(c) Cold expanded hole, crept for 1000 h. at 150'C, cracked, and finally loaded in 

tension, (cwht). 

(d) Cold expanded hole, loaded in tension using a far field stress of one third of the 

yield stress (cy,, pp=143.3 MPa), crept for 1000 h. at 150T, released from the 

external tension, cracked, and finally loaded in tension, (cwcr). 

(e) Cold expanded hole, cracked, and finally loaded in tension, (cw). 

For completeness, the results are presented for uncracked specimens and five 

different crack lengths: c=0.25,1,2,3 and 4 mm respectively. 

As described in chapter 4 the residual stresses from a 4% cold expansion were 

generated using a unique axisymmetric model with a rigid mandrel pulled through. 

The elastic-plastic material behaviour was modelled using the combined hardening 

model (shown in table 4.1) to take into account the Bauschinger effect. This model 

behaviour does not allow creep and therefore creep calculations were done once 

residual stresses are mapped into the 3D models. 

The 3D models represented a quarter plate using 8000 eight-noded quadratic 

elements with eight integration points per element as suggested by Pickard (1986). 

The mesh was refined near the crack tip line for both through-thickness and comer 

cracks. The cracks were always placed normal to the loading direction (0 = 90). For 

corner cracks,, the crack length was defined in the radial direction from the hole edge 

(c, ) and in the axial direction from the entrance face (c, ) and the simulations shown 

here are for circular cracks with equal lengths. 

Dp 
Residual stresses were introduced in the model using the subroutine SIGINI 

available in ABAQUS. An interpolation for the stresses allowed refinement of the FE 
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meshes around the crack tip. With this subroutine, only stresses are transferred while 

other variables such as plastic strains and back-stresses are reset to zero. Therefore 

the Al 2650 aluminium alloy behaviour, once the residual stresses were mapped into 

the 3D model,, was modelled as an elastic perfect plastic material model with a yield 

stress of 430 MPa, with viscoelastic creep power-law assuming time hardening for 

time dependent stress relaxation. 

Crack closure was provided by spring elements of high stiffness (FIU, = 10 11 N/m) 

in compression and close to zero stiffness (FIU, =10-1 N/m) in tension. A total 

number of 165 spring elements were added along and across the crack face for both 

corner and through-thickness cracks. 

The same procedure was repeated for 2D models using the same radial and 

angular FE mesh density as in 3D models with the mesh refined around the crack tip. 

2D models were examined for both plane stress and plane strain conditions. The 

residual stresses were mapped into these 2D models from through-thickness averages 

of those obtained with a mandrel pulled through the hole, and the mechanism of crack 

closure provided by the same spring elements as in the 3D models. This was done to 

compare results of evaluation of J, crack opening and stress distribution ahead of the 

crack tip. 

Table 6.0 shows the CPU times in seconds required for the simulations carried 

out. A total of 23 models were modelled (six 2D plane stress, six 2D plane strain, one 

3D without crack, six 3D with through-thickness cracks and six 3D with comer 

cracks) shown in rows in table 6.0. For each model, five different residual stress 

distributions were considered as explained earlier. The name of each file is coded to 

be able to identify the model. So "2dzclsc-new" stands for 2D model with zero crack 

length (c =0 mm) plane stress and non-cold expanded while "3dlccsc-cwcr" stands 

for 3D model with long corner crack length (c, = c, -3 mm). A large reduction of 

106 



Chapter 6. - FE cracks 

computing time was obtained when compared to the analysis of Pavier et al. (1998, 

1999). 
The J-integral was first calculated for different volumes around the element at 

the crack tip, for three different positions through-thickness: entrance, mid-thickness 

and exit face. Results were found not to be in agreement with the 2D models due to 

the proximity of stress free surfaces. The J-integral was also calculated on planes 

containing the nonnal to the crack front. These results were also difficult to interpret. 

Therefore a number of alternative methods were explored. 

Poussard (1995) used a curve fitting method to the FIRR stress field assuming a 

hardening exponent. This approach was also attempted but the result was very poor as 

the curve fitting was not easy to define for the correct hardening slope. 

Alternatively, a crack opening evaluation was developed as proposed by Lin and 

Smith (1997 and 1998). The crack opening of the node close to the crack tip was 

compared to a corresponding path independent J-integral. The stress intensity factor 

K was found from: 

E uo 0 
r, 2(l + v) 2(l + v) 

r 
(6.2) 

where r, is the distance behind the crack tip where the crack opening displacement 

U00 is measured. It should be noted that the above equation is only valid for positions 

close to the crack tip (r, -* 0). The equation is for plane strain conditions but can be 

corrected for plane stress cases. 

Results for 2D simulations of through-thickness cracks of different lengths of J 

obtained from ABAQUS are shown in figure 6.12a for a cold exPanded hole and are 

compared to the crack opening displacement criteria used from Lin and Smith (1997 

and 1998). The agreement between both methods is shown in figure 6.12a. HRR 
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stresses were also fitted to stresses close to the crack tip as an alternative technique to 

obtain stress intensity factors. In figure 6.12b it is shown how difficult is to fit an 

elastic -1/2 slope to the HRR and therefore it was not used to produce results. The 

complete set of results comparing the J-integral and the crack tip opening 

displacement U00 for all the cracks are shown in tables 6.1 to 6.5 for the five cases of 

residual stresses analysed. Good agreement was found between the 2D ABAQUS J- 

integral and the 2D crack tip opening. 

In figure 6.13 the residual stress distributions are shown for the five different 

simulations before the introduction of a crack in the model and subsequent loading. It 

is shown that samples (b) and (d) contain non-axi symmetric residual stresses as 

loading was involved in the final residual stress distribution. Sample (c) 

corresponding to a 4% cold expansion showed the maximum compressive stresses in 

the y, or 0=900, direction. Small compressive stresses were found near the hole edge 

all the way through-thickness for sample (b) which was cold expanded and 

compressed in that direction. 

In figure 6.14 the tangential stresses are shown for uncracked specimens while 

subjected to an extemal load of 143.33 MPa = cyy'/3. In the initial state before loading 

lower compressive stresses at the entrance face for cold expanded holes were obtained 

as shown in Chapter 5. The beneficial effect of cold expansion is shown for all cases 

except for case (b). Here a cold expanded hole was subjected to a compressive load 

and then reloaded in tension with 143.33 MPa as mentioned above to find high tensile 

stresses near the hole edge all the way through-thickness. This was a consequence of 

the low compressive residual stresses obtained after the removal of the initial 

compressive load. Cases (c), (d) and (e) showed that there were tensile stresses near 

the hole but only close to the entrance face. Therefore, comer cracks were introduced 
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at this location. 

Figure 6.15 shows tangential stresses in specimens containing a2 mm long, 

through-thickness double crack, with the crack normal to the applied loading. The 

applied load was one third of the yield stress at room temperature. For a non-cold 

expanded hole containing a crack and loaded, the stresses are very high at the crack 

front. For the other four cases a significant benefit was obtained as lower stresses 

were found near the crack tip. These stresses are very similar for all the cases except 

for the non--cold expanded hole as the residual stresses were also quite similar in the 

region of the crack tip before loading. A difference can be observed though along the 

crack face where sample (e), which is a cold expanded hole, showed high 

compressive stresses and therefore crack closure. 

The crack opening displacement for the same crack length and applied load is 

shown in figure 6.16 where crack closure is still found in some areas between the hole 

edge and crack tip far from the entrance face for cold expanded samples. This can be 

related to the tangential compressive stresses shown in figure 6.14. Smaller values of 

crack opening were found in all cases when compared to loaded non-cold expanded 

holes shown in figure 6.16a. 

Comer cracks were also studied arising from the hole edge near the entrance face. The 

geometry of the crack was quarter circular, with the same crack length in the radial 

and axial directions. An example is shown in figure 6.17 for a crack length of 

Cr=cz==2 mm and external load of 143.33 MPa = c7y'/3. In this case two stress 

concentration effects were acting together: the stress concentration around a hole and 

the stress singularity near the crack tip. This is shown for the loaded non-cold 

expanded sample where higher tensile tangential stresses were shown near the hole 

edge. The least benefit from cold expansion was obtained for case (b) which showed 
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small compressive residual stresses near the hole edge. When the load was applied to 

this sample high tensile stresses where obtained near the hole edge and close to the 

crack tip. 

The crack opening displacement for this comer crack is shown in figure 6.18. 

The maximum opening was found for a loaded non-cold expanded hole. In all cases 

(a) to (e) no crack closure was observed as the crack was placed at the entrance face 

where small compressive residual stresses were found for all cases. 

The crack opening displacement method described earlier was used to evaluate stress 

intensity factors for three-dimensional simulations. The analysis was conducted for a 

range of crack lengths, applied loads and initial residual stress distributions. Figures 

6.19 and 6.20 show stress intensity factors as a function of applied load for crack 

lengths c=0.25 and 4 mm respectively. The results are shown for 3D through- 

thickness and comer cracks and 2D cracks for both plane stress and plane strain. 

Several positions were shown for 3D cracks to examine the through-thickness effect. 

For very short cracks, as shown in figure 6.19, the least benefit was obtained for 

cold expanded and compressed holes (cwcp, case b). The maximum benefit was 

obtained for cold expanded holes (cw, case e). Similar benefit from cold expansion 

was observed for all of the comer cracks. 

For long cracks of crack length c=4 mm, as shown in figure 6.20, the benefit 

was smaller as the crack tip was within the initial tensile tangential residual stress 

zone. For comer cracks the difference was significant near the hole edge. This would 

imply a faster crack growth from this position as a consequence of the stress 

concentration around the hole edge. 

Figure 6.21 shows stress intensity factors as a function of crack length for an 

applied load of (Ty'/3. This is the most useful graph for fatigue crack growth 
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predictions. The benefit associated with case b (Cwcp) improved for increasing crack 

length as the compressive residual stresses were only small close to the hole edge. 

With increasing crack length the benefit from cold expansion of all cases when 

compared to the non-cold expanded hole became similar. Once more, corner cracks 

showed a different behaviour close to the hole edge. 

6.5 Prediction offatigue crack growth 

Fatigue crack growth was predicted following the studies by Becker et al. (1993) 

using the Paris law described in chapter 3 for At 2650 aluminium. alloy. The number 

of cycles N for a crack to grow from ci to c is given by: 

Nc c9c, f 
Mf 

ci Cf AK 
(6.3) 

where Cf and mf are fatigue constants of the material and AK is the stress intensity 

range. As in Becker et al. (1993), AK was considered to be the maximum stress 

intensity factor in the cycle. This implies that the crack face must close during the 

minimum stress in the cycle. Therefore the predictions presented here consider low 

fatigue ratios which would allow crack closure and in the extreme R=0. 

Integration of equation 6.3 was done using a trapezoidal rule for unequal 

increments of crack length (Ac). The calculation used the stress intensity factors 

shown in figure 6.21 obtained from FE crack tip opening displacements. The 

calculation did not take into account the redistribution of residual stresses during 

crack growth nor the change in shape of the crack. The calculation was made for a 

fictitious fatigue ratio R as a complete set of K .. aý, and K .. j,, would be required to take 
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into account the stress redistribution when the crack tip is loaded and unloaded. This 

stress redistribution would imply a change in the maximum and minimum stress 

intensity factor. In the limit the calculations are for R=0 where the minimum applied 

stress is set to zero and therefore the stress intensity range calculated as the maximum 

stress intensity factor. 

Lacarac (2000) examined the influence of fatigue ratio R on the benefit of cold 

expansion. It was found that tests performed at high ratios did not improve the fatigue 

behaviour of fastener holes. This was due to the fact that the crack did not show any 

crack closure effect, and therefore the stress intensity factor range was similar for cold 

expanded and non-cold expanded samples. 

In figure 6.22, predicted crack lengths are shown as a function of the number of 

cycles for the five cases of residual stresses when a maximum external load of one 

third of the yield stress was applied and K,,, i,, was assumed to be zero. The initial crack 

length was ci=0.25 mm. In the 2D models, crack arrest was found for cold expanded 

holes with a crack length of about 0.5 nim in plane stress. Through-thickness cracks 

showed crack arrest for all samples except the non-cold expanded hole at the mid- 

thickness position. This implies that the crack shape would change during crack 

growth leading to a faster crack growth near the entrance and exit faces as seen in 

fractographic samples (Pell et al., 1989). No crack arrest was observed for comer 

cracks for this load, but once again different rates of growth for different positions 

suggested a change of the shape of the crack as shown by Stack and Stephens (1989). 

In figure 6.23 the number of cycles to reach a critical crack size is plotted against 

the applied stress for the same initial crack length of ci=0.25 mm. From 2D 

simulations it is possible to check the benefit in lifetime of cold expanded holes and 

also the minimum load needed to create crack propagation. In plane stress, the 
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predictions calculated a minimum stress of about 170 MPa for cold expanded holes 

(sample e) and between 143.33 MPa and 107.5 MPa for cases b, c and d. On the other 

hand, non-cold expanded holes did not show crack arrest for any applied tensile 

stress. 

Examination of through-thickness cracks showed shorter lives after examination 

of stress intensity factors near the entrance face when compared to mid-thickness and 

exit face predictions. This does not mean that a crack has different lives in different 

positions. The detailed examination of these curves predicts a faster crack growth near 

the entrance face for all cases which have been cold expanded. This is in agreement 

with experimental crack shapes shown by Ball and Lowry (1998). Once the crack 

shape change is produced, the life estimation could be done examining the mid- 

thickness stress intensity factors. From them a longer life is predicted for cold 

expanded holes (e) with crack arrest for applied stress below 165 MPa and once more 

a shorter life for non-cold expanded holes. The least improvement from cold 

expansion is obtained for case c which was cold expanded and crept without external 

loading. However this is close to cases b and d where crack arrest is predicted for 

applied stresses below 130 MPa. 

Comer cracks were also investigated and fatigue lives once more predicted. As 

for through-thickness cracks, shorter lives were predicted near the entrance face 

which would mean a change in shape of the crack. For this crack shape, all cases of 

residual stresses predicted a similar fatigue crack growth as they started from a point 

with a very low compressive tangential stress near the hole edge and close to the 

entrance face. A difference is shown in the prediction of case b which showed crack 

arrest only for applied stresses below 55 MPa. 

All these techniques should be criticised as the simulation makes too many 
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assumptions. Existing techniques for the evaluation of crack growth (Dusi et al., 

1993) should be used for each case of residual stress, initial crack geometry, and 

maximum and minimum applied stress. 

6.6. Conclusions. 

(i) Stress intensity factors using crack opening displacements were evaluated 

from FE simulations of cracked samples with different combinations of applied 

stresses crack shapes and crack lengths. 

(ii) Crack tip stresses where studied during creep at 150'C for both cold expanded 

and non-cold expanded samples. The stress singularity ahead of the crack tip changed 
r. 

from plastic dominated to creep dominated. 

(iii) Cold expanded holes with small cracks showed an identical relaxation to 

uncracked samples when the crack faces where within compressive tangential stress 

fields. This was because the crack was completely closed. 

(iv) A technique to map stresses from an axisymmetric model into a 3D mesh was 

used to carry out three-dimensional simulations of through-thickness and comer 

cracks. 

(V) Fatigue crack growth predictions were developed under conditions of constant 

crack shape and no redistribution of residual stresses during fatigue crack growth. A 

benefit in fatigue life of cold expanded holes was observed. 

114 



PART B 

NEW EXPERIMENTAL METHOD BASED ON SACHS 
BORING TO MEASURE RESIDUAL STRESSES 

AROUND HOLES. 

cxv 



Chapter 7: Review nfeE 
., 
perimental methods 

Chapter 7 
REVIEW OF EXPERIMENTAL METHODS TO 

MEASURE RESIDUAL STRESSES 

A substantial number of experimental techniques are available to measure 

residual stress distribution around cold expanded holes and autofrettaged 

tubes. A review of the commonly used techniques is given with a description of 

typical applications. The techniques are categorised into two groups as 

destructive techniques based on material removal and strain measurement 

such as Sachs boring, and non-destructive techniques such as X-ray 

diffi-action. Particular attention is given here to the Sachs boring and X-ray 

dififtaction methods, and a brief description of other methods is also given. 

More details about measurement techniques for cold expanded holes can be 

found in McNeill and Heston (1987) and more recently in Priest (1997) and 

Lacarac, (2000). 

7.1. Sachs boring technique. 

The Sachs boring method is a cutting and strain gauge based technique widely used 

for measuring the residual stress field around a cold expanded hole. This method was 

described by Sachs (1927) to measure axisymmetric residual stresses in autofrettaged 

tubes and it has been continuously revised since. For example, Lambert (1954) 

derived Sachs equations to take into account antisymmetric stresses in autofrettaged 

tubes arising from plastic bending. Weiss (1957) developed graphical computation 

methods to solve the equations and Voyiadjs et al. (1985) derived equations for 

materials exhibiting cylindrical elastic anisotropy. More recently, Nishimura (1978) 
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presented new axisymmetric equations to calculate triaxial residual stresses in bars 

and tubes. In all methods there is an uncertainty about the real residual stress, and 

therefore it was difficult to determine the accuracy of the method and equations 

developed. Simulations of the boring process, using FE for example, would provide a 

good comparison between residual stresses and calculations from the strains as both 

residual stresses and boring strains are well known. A benchmark for autofrettaged 

tubes was presented by Sharman et al. (1997) to measure accurately the residual stress 

distribution using a curve fitting procedure for the strains. 

Sachs boring is a destructive method based on the elastic relaxation of residual 

stresses in hollow cylindrical components such as discs or tubes. This relaxation is 

produced when cylindrical layers of material at any radius r=d are removed. This 

removal is produced from r=a, where a is either inner radius or outer radius. A 

comparison between measurements in both directions is presented by Coppola et al. 

(1996) for cold drawn tubes. Measurement of the strain change at the circular face 

opposite the boring, r=b, allows calculation of the radial stress relieved. Tangential 

stresses are obtained from equilibrium equations. The boring out process is shown 

schematically in figure 7.1, where boring starts from the hole edge and strain gauges 

are attached at the disc edge. 

For the cold expanded samples presented earlier in the thesis, the plate containing 

the cold expanded hole needs to be machined into a circular specimen central on the 

hole, also known as a washer or disc, of hole radius r=a, and outer radius r=b, before 

boring. Once started, the material removal should not introduce new Plastic strains 

since these would introduce errors into the Sachs calculations. 

Once the disc is machined and the strain gauges are attached, the boring process 

can start. Different techniques have been developed to remove the cylindrical layers 

of material, for example spark erosion with a stepped-tapered electrode as described 
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by Hermann and Moffat (199 1), and a mechanical cutting technique as described by 

Stacey et al. (1985). The boring process usually stops when there is no change in the 

strain readings, which means that the residual stresses have been completely released. 

The Sachs boring technique has been used to measure various parameters involved in 

a cold expanded hole. Some of the parameters studied using the Sachs method in the 

cold expanded holes include: influence of the degree of cold expansion applied, 

relaxation of residual stresses by reaming the cold expanded hole, stress distribution 

at the pip position from an open sleeve and the through-thickness stress distribution. 

These parameters are described next in more detail. 

Degree of cold expansion 

Residual stresses in cold expanded specimens are a function of the degree of cold 

expansion. This is defined as the radial displacement applied to the hole edge in 

comparison to the initial radius of the hole. In the aircraft industry using the split- 

sleeve cold expansion method, the usual expansion has been set to 4% for fatigue 

improvement reasons. 

An example of axisymmetric cold expansion was found in the studies carried out 

by Hermann and Moffatt (1991), Hermann and Reid (1991) and Hermann (1994), 

where pin roller bearings were used in conjunction with a tapered mandrel. First, the 

residual stress introduced in a 1.6 mm thick and 9 mm hole diameter 2091-T82 

aluminiurn lithium alloy was examined by Hermann and Moffatt (1991j, for cold 

expansion degrees ranging from 2.5 to 5%. The same analysis was repeated for a 10 

mm hole diameter in a 8090-T651 Al-Li alloy by Hermann and Reid (1991) and 

finally both alloys were compared to a 6082-T651 Al-Li alloy in Hermann (1994). 

For all alloys, a smaller compressive residual tangential stress was found at the hole 
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edge for a smaller applied cold expansion. The plastically deformed region and the 

compressive tangential stress area were found to be a function of the displacement 

applied at the hole edge. The maximum compressive tangential residual stress was 

located some distance away of the hole edge for the Al-Li 2091-T82 alloy. This 

suggested that reversed yielding was produced when the plastic limit is achieved 

during unloading. These results were in agreement with FE axisymmetric and two- 

dimensional predictions presented by Armen et al. (1984). 

Studies of split-sleeve cold expanded holes were developed by Ozdemir et al. 

(1993) and Ozdemir and Edwards (1996). The effect of degree of cold expansion was 

studied in plates 300 mm long, 40 mm wide and 5 mm thick of Al 7050-T76 

aluminiurn alloy with a central hole diameter of 9 mm., for 2%, 4% and 6% expansion 

of the hole. Washers of outer diameter 40 mm were machined (r=b=20 mm) after 

applying the FTI expansion procedure. The hole was not reamed to a specified final 

diameter and Sachs boring was carried out from the inside of the hole. The residual 

stresses were calculated from two strain changes measured by two strain gauges 

located at 90 degrees from the split sleeve position to measure tangential and axial 

strain change. The study found the presence of reversed yielding for all levels of cold 

expansion, and only small changes in the maximum compressive tangential residual 

stresses for higher degrees of cold expansion. Tangential residual stresses measured 

by Ozdemir and Edwards (1996) are shown in figure 7.2 for 0,2,4 and 6% expansion. 

Compressive residual stresses were found close to the hole edge of non-cold 

expanded holes (0%). Those stresses arose from the drilling process to manufacture 

the hole in the plate. Their measurements did not take into account the non- 

axisymmetric residual stress distribution effect generated by the split-sleeve 

expansion. This effect is believed to increase in importance with the degree of 

expansion as it is directly proportional to the opening of the sleeve during the 
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expansion. 

Reamingprocess 

The reaming process is used after the cold expansion of the hole in order to remove 

machining debris and to provide a defined hole diameter. The effect of the reaming 

process can be measured by application of the Sachs boring method. 

6zdemir et al. (1993) and 6zdemir and Edwards (1997) examined the influence 

of reaming 4% split-sleeve cold expanded holes. The hole diameter prior to 

expansion was 9 mrn and it was reamed to a 9.52 mm (3/8") diameter. The material 

investigated was the aluminium alloy Al 7050-T76. The reaming operation was 

carried out using both a conventional cutting technique and an EDM method 

removing an approximately 0.3 mm thick layer of material. The standard reaming 

process was found to remove the reverse yielding area close to the hole edge by 

shifting the compressive tangential stresses to become more tensile, but obtaining a 

more compressive tangential stress at the hole edge. These results are shown in figure 

7.3a before reaming and 7.3b after reaming for three different positions through- 

thickness. The EDM technique modified slightly the residual stress distribution with 

an increase in the peak stresses attributed to the introduction of new plastic 

deformations. It was concluded that the standard reaming process introduced 

plasticity near the hole edge, as in the drilling process, to generate the hole, modifying 

the residual stress field and decreasing fatigue endurance. 
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Through-thickness residual stresses 

Residual stress predictions using FE showed a variation with axial (thickness) 

position (e. g. Papanikos and Meguld, 1998). Conventional Sachs boring, with 

different strain gauge locations through-thickness, has been used in the past to 

measure such variations. 

Ozdemir et al. (1993) presented results for the measurement of split-sleeve cold 

expansion residual stresses for three different positions through-thickness of Al 

7050-T76 aluminium alloy plates. The results were also published in Ozdemir and 

Edwards (1996 and 1997). They used 3 different pairs of strain gauges situated at the 

inlet or mandrel entrance face, mid-thickness and outlet or mandrel exit face positions 

through the plate thickness. Each pair of gauges were orientated in the tangential and 

axial directions at the outer radius (r=b). Their measurements are presented in figure 

7.3a showing the least compressive tangential stresses close to the hole edge at the 

mandrel exit face. These measurements were in disagreement with FE predictions and 

, -, -iay measurements at this position. This is because Ozdemir and Edwards (1996 

and 1997) used a two-dimensional elastic theory to convert the measured strains to 

residual stresses which does not allow the calculation of through-thickness 

distributions. 

The ability to measure the through-thickness residual stresses has recently been 

criticised by Smith et al. (1998) using a FE benchmark of the material removal 

process on axisymmetric simulations. They concluded that it is only possible to obtain 

the average residual stress through-thickness using a conventional Sachs formulation. 

Only limited agreement was obtained between FE predictions and Sachs calculations 

when trying to predict the surface effect using either the plane stress or generalised 

plane strain Sachs formulation. 
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Pip position for split-sleeve cold expansion 

After the cold expansion of a hole using the split-sleeve method, a small 'pip' is left at 

the hole edge coinciding with the position of the split in the sleeve. The least 

compressive tangential residual stress is thought to be generated at the pip, so 

installation procedures suggest the alignment of the pip with the loading direction. 

Several studies looked at this effect but only one study has been found that uses the 

Sachs boring method. 

In addition to the studies presented above, Ozdemir et al. (1994) located three 

strain gauges at three different angular positions in order to measure the angular 

variation in residual stresses around the hole. Based on average through-thickness 

residual stresses they found a tensile tangential stress at the pip position and a 

maximum compressive stress for the position perpendicular to it. Their results are 

presented in figure 7.4. The results obtained are in disagreement with those obtained 

by the X-ray method (Cook and Holdway 1993), where surface tangential residual 

stresses were the most compressive at the pip position. The reason for this is the 

inappropriate use of the axisymmetric Sachs formulation to measure angular effects 

such as the pip. 

7.2. X-ray diffraction. 

X-ray diffraction analysis is a non-destructive technique for the measurement of 

near-surface residual stress. This surface residual stress can be quite different to those 

at the mid-thickness of the specimen. The depth of penetration is limited to less than 

100 ýtm in most metals. The technique is based on the diffraction of X-rays by the 
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parallel planes of the crystal (grain) lattices of the sample. Plastic strains are generally 

the result of dislocation motion and/or the disruption of the lattice. As a result, the 

strains measured are elastic strains and the residual stresses are calculated using 

Hooke's law. A well-defined grain size is required, and if a large grain material is 

examined very irregular peaks are obtained as described by Dietrich and Potter 

(1977). They also mentioned that heating the specimens can modify the grain size, but 

this can lead to an undesired residual stress relaxation. Specimens also need to be 

polished in order to get a mirror flat surface. Cook and Holdway (1993) ground 

surfaces mechanically after cold expansion removing any out-of-plane deformation 

caused by the cold expansion and reaming processes. They also carried out 

investigations of the effect of X-ray beam size and edge effects related to 

measurements close to the hole for example. 

The literature has many examples of measurements of autofrettaged and cold 

expanded residual stresses using this technique. Su et al. (1986) used X-ray 

measurements on axisymmetrically cold expanded high strength steel fastener holes 

and compared the results to simple analytical solutions. The plates examined were 40 

mm wide with a central hole of diameter 6 mm. and thickness 4 mm and therefore 

plane stress theory was used. They measured the presence of reverse yielding and the 

influence of the Bauschinger effect. They also developed a new analytical model to 

take these effects into account. 

Again, X-ray has been used to study the effect of various parameters in the cold 

expansion process. The results studying the effect of degree of cold expansion, pip 

position in split-sleeve cold expansion and the through-thickness effect are described 

next. 
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Degree of cold expansion: 

Ball and Lowry (1998) carried out a more detailed study of cold expansion in Al 

2124-T851 aluminium alloy for different thicknesses, for different hole positions 

close to the plate edge and for the degree of cold expansion. They compared 

measurements with analytical and elastic-plastic FE models. Large grain size and 

texturing were noticed, both of which are characteristic of wrought 2000 series 

aluminium alloys which have been solution heat-treated, cold worked (rolled and 

stretched) and artificially aged. Few details were provided about the effect of the 

degree of cold expansion. Two ratios of 3% and 5% were studied measuring a mean 

tolerance for the tangential residual stress of ±30.3 MPa for a 3% cold expansion and 

±33.1 MPa for a 5% cold expansion. With such large errors they could not find a 

significant difference between both interference ratios as expected close to the hole 

edge. They concluded that X-ray was not a viable technique because the'combination 

of large grain sizes and texturing introduced significant inaccuracies in the calculated 

stress. 

Pip positionfor split-sleeve cold expansion 

Cook and Holdway (1993) and Holdway et al. (1994a) used the X-ray diffraction 

sin 2T method on 5 mrn thick 8090-T8771 aluminium lithium alloy with an unrearned 

6.31 mm (approximately 1/4") hole diameter. The same procedure was repeated by 

Holdway et al. (1994b) for an Al 7050-T76 aluminium alloy. The cold expansion 

used the pre-lubricated split-sleeve method developed by FTI. Their results for the 

exit face are shown in figure 7.5 and can be compared to results shown in figure 7.4 

using Sachs boring. They found more compressive tangential residual stresses on the 

mandrel exit face compared to the entrance face, in particular close to the hole edge 

(r1a < 1.3). The pip effect was examined by checking three different positions: at the 
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pip or position of the split-sleeve (0=0'), at 90 degrees normal to the pip, and 

opposite the pip (0=180'). They found the highest compressive stress at the pip 

position and the least compressive at the opposite position. The difference found was 

slightly less than 10% which was not the case for results found by Ozdemir and 

Edwards (1996) using the conventional Sachs boring technique. 

The residual stress distribution in cold expanded holes is highly dependent on the 

position through-thickness as shown by the FE studies in part A of this thesis. The X- 

ray provides reliable surface measurements for non-axisymmetric distributions even 

within the large scatter associated with grain and beam size, surface finishing and 

distance to the hole edge. 

Through-thickness effect 

Although X-ray diffraction is limited to near surface measurements, the combination 

of cutting techniques and X-ray has allowed through-thickness effects to be studied. 

Pintschovius et al. (1986) used X-ray diffraction on the electropolished face of a 25 

mm thick ring, cut out of the centre of a steel autofrettaged tube. The correction to 

measure the original residual stress distribution was a combination of X-ray 

measurements and calculation of residual stress relaxation due to the cutting out 

process. Discrepancies between measurements and analytical models were found 

where models did not include the Bauschinger effect and other effects such as 

decarburization of the surface layer. 

For cold expanded holes in thin sheets of aluminium alloys several studies were 

found in the literature. For example Priest et al. (1994) found a good comparison 

between FE axisymmetric predictions and X-ray measurements for the entrance face 

of split-sleeve cold expanded Al 2024-T351 samples. The measurements were 

carried out for entrance and exit faces at 90 degrees from the pip while the 
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axisymmetric FE used a uniform displacement of the hole edge and therefore only the 

free surface effect was predicted. In other words, the effect of a mandrel pulled 

through the hole on distributions near entrance and exit faces was not modelled. 
Ozdemir et al. (1994) and republished in Ozdemir and Edwards (1996) carried 

out X-ray diffraction measurements on a cold exPanded hole in a 7050-T76 

aluminium alloy. Their results are shown in figure 7.6 for entrance and exit faces. 

They also found more compressive residual stresses at the exit face compared to the 

entrance face, while this technique produced no information about the distribution 

between these two free faces. 

7.3. Other methods. 

7.3.1. Neutron di&action 

The neutron diffraction technique can be thought of as a perfect solution for 

measuring residual stress distributions. It is quite similar to X-ray diffraction and 

therefore can be used as a non-destructive technique, but it can penetrate deeper into 

the material. The depth of penetration can be several centimetres (Yelon and Ross, 

1986) which is sufficient for most of the plate thicknesses used in the aircraft 

industry. A description of precise measurements of internal residual stresses and 

applications are given by Edwards et al. (1994), including measurements for a cold 

expanded hole in a mild steel plate. The high cost of the technique, and the restriction 

to a few neutron sources makes it difficult to use. Once more the grain size plays an 

important role, particularly where a steep stress gradient exists. For most aluminium 

alloys, a resolution of ±15 MPa can be expected (Webster, 1991 and Smith et al., 

1988). 
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For autofrettaged tubes, measurements by Pintschovius et al. (1986) for steel and 

by Bourke et al. (1991) for a low-alloy cracked steel were produced in axial, radial 

and tangential directions. Their results were in agreement with boundary integral 

method predictions. Hermann (1994) studied the distribution in axisymmetric roller 

burnished cold expanded alurninium alloy 8090, Al-Li 8090 and 2091. The 

measurements were dependent on the crystal orientation chosen for the diffraction, 

underestimating residual stresses in the vicinity of the hole. They also commented on 

the negative influence of textured materials for accuracy of neutron measurements. 

Several researchers have used neutron diffraction to measure split-sleeve 

residual stresses. Residual stresses in Al 7050 alloy were measured by Edwards and 

Ozdemir (199 1), Ozdemir et al. (1994) and Edwards and Wang (1996). A mask was 

used to reduce the sampling volume to I mm 3 as the main concern about 

measurements was the high stress gradients in the radial direction near the hole edge. 

They managed to produce contour plots of tangential residual stresses as a function of 

radius and thickness position through interpolation using a correction for boundary 

conditions. However, due to difficulties associated with texture and the acquisition of 

a stress free lattice spacing, the measurement of absolute values of stress were 

considered to be too difficult. For this reason, and the small sample volume analysed, 

relatively long counting periods were needed to measure adequate diffraction peaks. 

They finally compared their neutron measurements for the centre of the plate (Mid- 

thickness) with Sachs measurements obtaining a good agreement. 

Ezeilo et al. (1994) used FE, analytical and neutron diffraction techniques to 

measure and predict the residual stress field in an Inconel 718 plate at room 

temperature. The measured and predicted residual stresses were in good agreement. 

Unfortunately they examined the residual stress distribution for only one angular 

position, so that it is not possible to compare these results with those obtained from 

127 



Chapter 7. - Review Of experimental methods 

Sachs and X-ray methods. They also measured the relaxation of residual stresses 

when samples were subjected to a cyclic fatigue loading from 0 to 1/3 of the 

monotonic yield stress. The cyclic yield stress was found to decrease about 20% after 
105,000 cycles. The residual stresses were found to be redistributed by about the same 

magnitude, obtaining once more a good agreement between FE simulations and 

experimental measurements. Their results are presented in figure 7.7 for before and 

after cyclic relaxation. 

gý_W 7.3.2. Slit-qv le se arration 

A cutting method is described next to measure residual stresses in autofrettaged tubes 

at the inner and outer surfaces. The method is based on the measurement of the 

opening of a slit introduced in the tube. A reference has been found were the 

tangential residual stress was measured as a function of degree of expansion, before 

and after heat treatment. Throop et al. (198 1) analysed the relaxation of autofrettaged 

residual stresses in steel pipes with temperatures reaching 517'C in the inside of the 

pipe with cooling on the outside face. Their results are shown in figure 7.8 for both 

inner and outer surfaces of the tube before and after the heat treatment as a function of 

degree of expansion. This was described as the proportion of plasticity introduced in 

the pipe in percent. The tangential residual stresses on the inside were a function of 

the degree of expansion. Unfortunately the heat treatment produced a larger relaxation 

of more compressive residual stresses. They concluded that relaxation was an 

important effect, leading to small differences in bore residual stresses between 50% 

and 100% overstrain autofrettage. 

128 



Chapter 7: Review of experimental methods 

7.3.3. Crack compliance: 

Another cutting method is described next based on fracture mechanics where a crack 

is introduced in the sample and the residual stresses calculated from displacements 

measured close to the crack tip. This method is called the crack compliance or 

successive cracking technique. 

Legatt et al. (1987) used an incremental slot extension through-thickness to 

predict the residual stresses through-thickness of a welded joint. This technique 

allowed the determination of the distribution of residual stresses through-thickness 

for a constant stress in the welding direction. 

Kang and Seol (1996) measured residual stresses in discs obtaining good 

agreement with sectioning methods. Smoother results can be obtained using influence 

functions from analytical (FE) simulations (Schindler and Landlot, 1996). Residual 

stresses in steel rings, hardened by carburization and quenching, were measured by 

Prime et al. (1999) and compared to FE predictions. To compensate for edge effects 

and obtain a correct boundary condition they also used X-ray measurements. The 

profile of tangential residual stress was quite similar to those obtained by cold 

expansion and good agreement was obtained between experiments and FE 

simulations. 

The crack compliance method has also been used for measurement of residual 

stresses around split-sleeve cold expanded holes. Lim et al. (1998) analysed 2 mm 

thick plates of Al 6061-T6 with a central hole of diameter 6.225 mm after cold 

expansion. The crack compliance method was used by the crack extension up to 10 

mm of two cracks at 90 and 270 degrees from the pip position of the split-sleeve. 

Their results are shown in figure 7.9 and compared to Nadai's analytical model. They 

measured compressive tangential stresses well over the yield stress near the hole edge 

129 



Chapter 7: Review of experimental methods 

and reverse yielding was not detected. This was a consequence of the small number of 

steps used in the radial direction which could not represent the steep stress gradient. 

7.3.4. Concentric lins. - 

This destructive method is based in the cutting of concentric discs with strain gauges 

on the top surface. The residual stress is calculated from the strain change using plane 

stress conditions. 

Mack (1962) used this method together with the Sachs method to measure 

residual stresses in steel discs. He found a good agreement between both techniques 

concluding that the concentric method required little machining time and only two 

sets of strain measurements per disc. These advantages were offset by the need for 

many strain gauges and the danger of introducing plastic strains during the cutting. 

Therefore the Sachs boring method was preferred. 

7.3.5. Centre hole drilliL7g: 

Another destructive technique similar to Sachs boring is the centre hole drilling 

technique, where a strain rosette is attached to the surface of the sample before the 

drilling of the hole. From the strain change, measured residual stresses at the position 

of drilling are calculated as a function of drilling position through-thickness. A 

complex analysis based on FE parameters is needed to relate strains and stresses (Liu 

and Schajer, 1997, Petrucci and Zuccarello, 1998 and Rasouli et al., 1998). The 

method is limited to measurement of residual stresses up to one half of the yield stress 

if they are biaxial, or up to one third of the yield stress if uniaxial, to guarantee elastic 

behaviour. The measurements in depth were limited to one diameter, as further down, 

the strain change was too small. 

Tait and Newberry (1996) measured cold expanded holes in Al 2024-T3 

130 



Chapter 7: Review ofexperimental methods 

aluminium alloy with a6 mm. hole diameter and a 2.2 mm thick section. The cold 

expansion was applied by means of an oversized mandrel with degrees of expansion 

of 4% and 6%. Air abrasive centre hole drilling was used to create perpendicular sides 

of the hole from the inlet face. This technique was used in five steps in the radial 

direction. Residual stresses were calculated for those five different radial positions 

and compared to analytical models. Unfortunately the measurements were not carried 

out in an incremental through-thickness scheme which could provide useful 

information about through-thickness variations of residual stresses. 

7.3.6 Etching material removal and curvature measurements: 

Another destructive technique is the etching and curvature measurement. There are 

many layer removal and strain measurement techniques available to measure residual 

stresses. Sachs boring has already been defined and a new technique is described next 

to become familiar with the methodology. Hospers and Vogelesang (1975) developed 

a technique to measure residual stresses in thin sheet material. Thin layers are 

removed by chemical etching, which induce an increasing curvature of the sheet. The 

initial distribution of the residual stress is derived from curvature measurements. 

Results were presented for rolled Al 2024-T3 sheet material and shot peened 7079 

material. Their results were in agreement with X-ray measurements. 

-L -- --L- wetho2ds. - 7.3.7. Photoelasticiýy, 
-MoiW 

intter eLromegy aRnd holo&qph m- 

There are several methods based on optical visualisation of surface strains named 

differently depending on the device used to visualise the strains. 

Photoelasticity has been used to determine optimum levels of interference within 

pin-loaded lugs (Ligenza, 1963 and discussion by Holister, 1963), using an elastic 

formulation for thick walled cylinders to determine stresses. Leon (1998) used a 
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photoelasticity stress image of a split-sleeve cold expanded hole and compared it to a 

technique using a mandrel with four splits. The measurements of stresses around the 

hole were determined though using X-ray diffraction for Al 6061 alurninium alloy 

with 6.35 mm hole diameter. Photoelasticity was used to analyse the lack of 

symmetry in residual stress pattern. 

Moir6 interferometry has been used to measure strains and residual stresses in Al 

2024 (Leftheris and Schwarz, 1987). The application to split-sleeve cold expansion 

for Al 7050-T651 was described by Link and Sandford (1990). The radial 

displacements were compared for different optical methods including scanning 

electron micrographs. A holographic technique was used by Sandford and Link 

(1989) for the same Al 7050-T651 aluminium alloy. The strain measurements were 

compared to analytical models and the radius of plasticity was calculated. 

In all cases, little information about the values of the residual stresses were 

provided. However, shapes and gradients near the entrance face were practical 

information obtained from these methods. For example this method has been useful to 

determine the presence of the pip in split-sleeve cold expanded holes (Link and 

Sandford, 1990). 

7-4. Conclusions. 

(i) Sachs boring is a technique for the measurement of residual stresses averaged 

through-thickness in axisymmetric components. Many measurements are obtained in 

the radial direction obtaining good accuracy for near hole edge residual stresses. The 

method can not be used to measure through-thickness and angular variations. FE 

benchmarks of the boring process can be used to assess the equation for boring from 

the inside or machining from the outside. 
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GO X-ray diffraction is a technique for measuring near surface residual stresses, 

although grain sizes for 2000 series aluminium alloys are found to be a problem. X- 

ray measurements average the area covered by the beam leading to long measurement 

times to obtain a complete map of residual stresses. Treatment of surfaces is necessary 

prior to diffraction measurements. Tangential residual stresses measured using X-ray 

diffraction around cold expanded holes were found to be more compressive near the 

pip position of the split compared with other locations. 

(Iii) Neutron diffraction provides a complete 3D mapping of residual stresses for 

thickness up to a few centimetres. It is an expensive, time consuming technique with 

limited experimental facilities. The crystallographic plane used in the measurement 

affects the results, and large measurement scatter can result. 

(iv) Crack compliance measures radial distribution of residual stresses in one 

angular position. The method requires the use of software to solve the residual 

stresses from tabulated coefficients, and functions of shape and material. 

(v) Other cutting methods are available but do not provide more information than 

Sachs boring. 

(vi) Optical methods are suitable only to define the shape of residual stresses. 

133 



Chapter 8. - New experimental method 

Chapter 8 
A NEW EXPERIMENTAL METHOD TO MEASURE 

RESIDUAL STRESSES 

A new experimental method has been developed to measure non-axisymmetric 

residual stresses in cylindrical components. This method is based on Sachs 

boring, a destructive method The main motivationfor this study was that most 

of the cases of residual stresses around cold expanded holes analysed in this 

research were non-axisymmetric. Further developments may provide complete 

three-dimensional measurements. 

8.1. Introduction to general method. 

Cutting and strain measurement techniques for the measurement of residual stresses 

are based on the elastic relaxation of residual stresses during the cutting process. 

Several considerations are needed to relate the strain change to the stress relaxation. 

Traditionally, equilibrium of residual stresses in a component was checked using 

global equilibrium, in other words, the sum of forces and moments in any direction 

must be zero. However, there are many unrealistic combinations of residual stresses 

which could guarantee a global equilibrium. Therefore, the conditions for equilibrium 

of small finite bodies within the component must be studied. In other words, the basis 

of the development of a cutting method is the equations of equilibrium of stress 

(Timoshenko and Goodier, 1987 and Meleshko, 1995). 

Such equilibrium is expressed in polar co-ordinates as a function of radius (r), 

angle (0) and axial distance (z) as shown in figure 8.1. If body forces are not 

considered, the equations of equilibrium obtained by summing all the forces acting on 
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the element are expressed through the following system of three differential 

equations: 
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(8.1) 

The aim of an experimental method for measuring residual stresses is to determine the 

six components of stress expressed in equation 8.1 but for this we need to find more 

relations. 

The Sachs boring procedure assumes elastic unloading, or elastic relaxation of 

residual stresses, during the removal of cylindrical layers of material. Therefore six 

relations between the components of strain are expressed through six differential 

equations, called the conditions of compatibility. Extra relations are then found 

between stresses and strains using Hooke's law. 

The cutting procedure imposes new boundary conditions as the new circular edge 

of radius d becomes stress free in the radial direction. The procedure is shown in 

figure 8.2, where a cylindrical layer of material is removed at radius d, leading to the 

release of the stresses acting on this face. 

The strain change produced from such a relaxation is measured at the face with 

radius r=b, where the following components of strain can be measured: Acoo, AF, and 

AE, o. This can be generalised for any radius r=d, where the boring is carried out, 

from a to b and therefore a new set of equations is found. The stresses released at d 

(Cyrr, Tro and T,. ) are equal to the original residual stresses, and therefore relations 

between the strains and residual stresses can be found as a function of radius r, 

through-thickness position z and angle 0, as follows: 
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In order to find the relation between stress and strain, complicated analyses are 

needed. By assuming elastic unloading behaviour, Hooke's law is used at the 

measurement position, r=b, to find the strain change. 

The combination of equations 8.1 and 8.2 allow the solution of six components 

of stress. However, in order to solve differential equations, the initial conditions must 

be known. These are obtained from known boundary conditions: 

rT-le 

nu edge. - a, (a, z, O)=, uo(a, z, O)=Trz(a, z, O)=O 

Measuring edge: cyrl, (b, z, O)=Tro(b, z, O)=Trz(b, z, O)=O 
(8.3) 

Entrance face: c7zz(r, hl2,0)=Tzo(r, hl2,0)=Trz(r, hl2,0)=O 

Exit face: cyzz(r, -hl2,0)=Tzo(r, -hl2,0)=Trz(r, -hl2,0)=O 

The major difficulty is to find the unique relation between stress and strain expressed 

in equation 8.2 for any combination of a, b, h. It is complicated to solve the system 

for three variables r, z and 0. Therefore, both stress and strain are analysed using 

common stress functions studied extensively in the literature (Michell, 1899, Tinpe, 

1923, Melan, 1932, Sternberg and Sadowsky, 1949, Greenwood, 1989, and Steinberg, 

1994). These functions are used to split the solutions into systems of only one 

variable. These stress functions also solve the compatibility conditions. As a first 

approximation, a Fourier analyses using a series expansion is used assuming that both 

stresses and strains are distributed sinusoidally in 0 for any distribution in r and z as 

follows: 
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The experimental technique uses a least squares error approximation to obtain the 

Fourier coefficients. This technique is based on the measurement of a number of 

strain readings for "n_reading" positions and calculate "n_coefficient" Fourier 

coefficients using a pseudo-inverse matrix solution (Garcia-Granada, A. A., 1996). A 

least square method is obtained when the number of Fourie coefficients is less than 

the number of reading positions (n_coefficient < n_reading). 

The stress solution of each strain coefficient represents a particular case of the 

stress state. For the coefficients where m=O there is no variation in the axial (z) 

direction, while for coefficients where n, =ns=O there is no variation with angle. 

8.2. Conventional Sachs boring technique (ns=n, =m=O). 

The residual stress field surrounding a cold expanded hole can be calculated using 

different experimental methods as described in the literature review. The Sachs boring 

method is widely used where an axisymmetric residual stress distribution is assumed. 

Following the notation used in equation 8.4 implies the use of only one coefficient in 

the Fourier development without any angular variation (n, =n, =O) and without 

through-thickness variation (m=O). 

Three topics have been investigated using the Sachs boring technique. First, the 

relaxation related to disc extraction, secondly the validity of elastic unloading 

conditions and finally the use of through-thickness measurements within a 

conventional formulation. 
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Disc extraction 

The purpose of this study was to find the error due to disc extraction prior to Sachs 

boring. In order to study the disc extraction in detail, axisymmetric FE models were 

used for two different outer radii: small discs of radius b= 16 mm and large discs of 

radius b= 50 mm. Both were cold expanded with uniform radial displacement of the 

hole edge and using Al 2650 in a kinematic hardening material model. The disc of 

outer radius b= 16 mm. was extracted from the samples of greater outer radius b= 50, 

Similar simulations were repeated using two-dimensional large square plates (50 x 50 

mm). These were first expanded and then a circular disc was extracted of outer radius 

16 mm. 

The results of the axisymmetric simulations are shown in figure 8.3a. The 

original outer radius of the cold expanded disc was 50 mm. A disk of b=16 mm was 

extracted. Disc extraction revealed that stress redistribution, close to the hole edge 

was 36 MPa and 18 MPa at the outer surface of the disc (r =b= 16 mm). The values 

plotted in figure 8.3b correspond to the mid-thickness position. This redistribution 

can be calculated using the modified Sachs equations presented in appendix A as 

equation AA for plane stress. To achieve this the tangential strain at the inner radius 

(r=a) must be measured before and after the disc extraction. 

Similar results of relaxation were obtained for two-dimensional models. In 

both cases equation AA was able to calculate such small relaxation. 

Elastic relaxation 

The aim of this study was to check the relaxation of residual stresses in order to assure 

the validity of elastic unloading. To do this FE simulations of Sachs boring were 

carried out. The boring process was simulated by removing cylindrical layers of FE 

from the inside of the hole. A small plastic stress distribution was observed when 
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removing the layers within the region of reversed yielding. The two areasý elastic and 

plastic unloading, are shown in figures 8.4a for radial and 8.4b for tangential residual 

stresses during the boring process. The plastic redistribution is not included in the 

Sachs formulation where an elastic unloading is assumed. However, the resulting 

errors between the FE residual stress and the residual stress calculated from FE boring 

strains are small. This is due to the location of measurements, far from the hole edge, 

and therefore within the region of elastic relaxation. The strain is a consequence of 

stresses in equilibrium from the boring location to the outer disc, and therefore elastic 

unloading is still acceptable. A complete redistribution of stresses was observed when 

the radius of removal d is greater than 2.4 times the hole radius a. 

Through-thickness measurements 

The aim of this study was to check the validity of conventional Sachs formulation to 

measure residual stress distribution as a function of thickness position, as a similar 

technique known as deep hole drilling has been modified to measure these through- 

thickness variations (Garcia-Granada et al., 1998b). This is similar to the study 

reported by Smith et al. (1998). FE simulations were carried out using an 

axisymmetric model with combined hardening rules for Al 2650 and non-linear 

spring elements to simulate the cold expansion process as described in section 4.1.2. 

This was done to obtain a realistic through-thickness distribution and therefore, a 

more realistic Sachs boring stress relaxation. The relaxed tangential and axial strains 

were recorded in the FE analysis at the outer radius during the simulation of Sachs 

boring. These strains are shown in figure 8.5a for three different locations through- 

thickness: entrance, mid-thickness and exit face. The conventional Sachs formulation, 

given in equation A. I of appendix A, was used to calculate the residual stresses from 

the strains. The results are compared to the original FE residual stresses in figure 8.5b 
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for those three positions through-thickness. 

It was concluded, as in Smith et al. (1998), that conventional Sachs boring 

equations were able to predict only residual stress averaged through-thickness. The 

method was not able to calculate for example the small compressive tangential 

residual stresses near the entrance face. 

8.3. Description of new method. - Garcia-Sachs (m=O). 

The complete measurement of any residual stress distribution in axisymmetrical 

components, such as discs or pipes, would imply a development of all the infinite 

coefficients in the Fourier analyses expressed by equation 8.4. As this is impossible, 

an approach was first examined to obtain two-dimensional solutions assuming a 

constant distribution of residual stresses across the thickness of the component. 

Therefore,, the analysis considers a residual stress distribution that varies only as a 

function of angle and radius only. 

The strain must be measured at different angular positions to determine the 

angular variation. From the strain data, Fourier coefficients of strain can be 

determined in order to determine the number of parameters involved in the calculation 

and the relevance of each of the coefficients. Independent analyses for each 

coefficient provides new Fourier coefficients for the residual stresses. Finally, the 

residual stress distribution must be calculated by adding all the coefficients and taking 

into account the angular variation as described in equation 8.4. 

The detailed analyses for the calculations are published in Garcia-Granada et al. 

2000a, together with an FE benchmark for the measurement of residual stresses 

around cold expanded holes after the application of external uniaxial load and creep. 

Another FE benchmark is presented in Garcia-Granada et al., 1999b for the 
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measurement of residual stresses around a hole in a plate which was subjected to 

plastic loading. The FE benchmarks are necessary to demonstrate the validity of the 

method. This is because the FE residual stresses are known, and therefore from the 

same simulation it is possible to generate the strains corresponding to material 

removal. If the method is correct, then the original FE stresses will be generated from 

the boring FE strains. Also, the method can be improved with several practical aspects 

studied in more detail. This includes the influence of disc size, number of coefficients 

and the mathematical algorithms required for solving the stresses. 

FFE. benchmark 

The aim of this FE benchmark was to generate a nqn-axisymmetric residual stress 

distribution and simulate the boring process. For a straight forward FE benchmark, it 

was decided to represent a plate containing a hole of radius a=3 mm within a plate of 

width and height 50 mm. and thickness h=6 mm. Two-dimensional elements 

assuming plane stress conditions and combined hardening laws for Al 2650 were used 

as described in part A of this thesis. The plate was loaded to a stress of u, pp = 0.58(: Fy' 

= 250 MPa. This caused yielding near the hole edge due to the presence of the stress 

concentration. Then the sample was unloaded and residual stresses were generated in 

the vicinity of the hole. A disc of radius b=16 mm was extracted from the plate, 

leading to a small relaxation of the residual stresses near the hole edge. 

The boring procedure was simulated by removing successive cylindrical layers of 

elements at increments of radius 0.2 mm from inside the hole. The tangential strain 

change was obtained as a function of the boring radius r at selected positions around 

the circumference of the disc. 

The residual stresses generated after the disc extraction were symmetric (mirror 

symmetry) with respect to the axes x (0 = 00, loading direction) and y (0 = 900). 
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However, the residual stress field exhibited angular dependence. That is the residual 

stresses were non-axisymmetric. There were high compressive tangential residual 

stresses near the hole edge at 0= 90' which became tensile just after I mm from the 

hole edge. Radial and shear stresses were small compared to tangential stresses. 

The tangential strain change obtained at r=b= 16 mm during the simulated boring 

process is shown in figure 8.6a for three angular positions. The strains exhibited a 

non-axisymmetric distribution. The strains were fitted using a Fourier analysis as 

described by equation 8.4 using the first five cosine terms, from nc =0 to n,, =4 (with 

0 and m= 0). 

Based on the Fourier strains, and using equations shown in the appendix for each 

coefficient, the residual stresses were calculated. The Fourier analysis allows the 

residual stresses to be obtained for any angular position. The calculated stresses using 

the new procedure and the conventional Sachs method are compared to the original 

FE residual stresses. In figure 8.6b the tangential residual stresses are shown with 

excellent agreement between FE stresses and the stresses calculated with the new 

method. The new method is capable of measuring not only the angular variation but 

the steep radial gradient in the residual stress close to the hole edge. 

The calculations were repeated using the conventional Sachs method as in 

Ozdemir and Edwards (1996). These calculations were made assuming an 

axisymmetric stress distribution even knowing that the boring strain was a function of 

angle. The residual stresses were therefore calculated from the conventional equation 

A. 3 for each strain independently. These results are also shown in figure 8.6b and do 

not agree with the FE original residual stress distribution. 

In figure 8.7a the radial residual stresses at 0=: =O' and in 8.7b the shear residual 

stresses at 0=45' are shown. Again there is good agreement between the original FE 

stresses and the stresses calculated from the relaxed FE strains using the new method. 
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In this case the new method was able to determine shear stress, while the conventional 

Sachs assumes that, as a consequence of axisymmetry, it is zero. However shear 

stresses were predicted to be zero at 0=0' and 90 degrees as a consequence of y and x 

symmetries respectively. 

Experimental measurements using this Fourier approach to the Sachs method are also 

published for several applications and these are described briefly in Chapter 9. 

8.4. Conclusions. 

(i) The Sachs boring technique has been modified to allow the measurement of 

non-axisymmetric residual stresses in cylindrical components. 

(ii) The new Garcia-Sachs method has been validated using FE benchmarks 

before their application to experimental measurements. 

(iii) The current state of the method allows the measurement of residual stresses 

averaged through-thickness of the component. 

(iv) The use of conventional Sachs formulation to measure through-thickness 

variations would produce significant errors. 

(v) The use of the conventional Sachs formulation to measure non-axisymmetric 

distributions would generate significant errors. 

(vi) Redistribution of residual stresses due to disc extraction gives rise to a small 

error in the measurement with Sachs. However, this redistribution can be calculated. 

(Vii) For a cold expanded hole, the redistribution of stresses during boring was 

mainly elastic, with only local plasticity generated close to the hole edge. This effect 

introduced only small errors in the calculations. 
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Chapter 9 
COMPARISON FE WITH EXPERIMENTS 

Experimental measurements using the new Garcia-Sachs method are 

compared to FE predictions for several cases studied during this research. 

Complementary additional X-ray measurements are provided to demonstrate 

the ftee surface effect. The first case examines residual stress measurements 

around split-sleeve cold expanded holes where the presence of the split 

generated non-axisymmetric distributions, which the conventional Sachs was 

not able to measure. Cold expanded residual stresses, redistributed after 

compressive loading, after creep, and after tensile loading and creep were also 

examined. The method was also applied to non-cold expanded holes after the 

application of external loads and creep to demonstrate its accuracy. In all 

cases a good agreement between FE and Garcia-Sachs measurements was 

obtained. 

9.1. Split-sleeve cold expansion. 

Split-sleeve cold expansion is widely used in aircraft structures to improve fatigue 

life by introducing compressive residual stresses. The pre-lubricated sleeve is placed 

into the hole and around the mandrel to reduce surface damage and cracks inside the 

hole once the mandrel is pulled through. The split in the sleeve is necessary for 

installation and removal purposes. Different techniques have been examined where 

four different splits were included in the mandrel (Leon, 1998) or where the sleeve 

was left in place as an interference fit (Reid, 1997 and Reid et al., 1997). 

However, the split-sleeve technique commercialised by FTI is still mostly used 
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and more understanding about residual stress distributions is required. There are 

conflicting results obtained using various experimental techniques and numerical 

methods. For example, Cook and Holdway (1993) and Cook et al. (1994), measured 

the most compressive surface residual stresses with X-ray at the position that 

corresponds to the position of the split in the sleeve during cold expansion. In addition 

Leftheris and Schwarz (1987) measured the largest tangential strain at the position of 

the split, and Link and Sandford (1990) also noted the greatest amount of expansion 

occurred at the split position. Furthermore, fatigue testing by Stack and Stephens 

(1989) showed that cracks started to grow from a location at 180' to the split when the 

load was applied at 90' to the split. On the other hand, similar crack growths were 

observed for both positions normal to the split when the load direction was aligned 

with the split. However, Stack and Stephens (1989) showed that the difference in 

r'. , 

fatigue life with two different split-sleeve locations was negligible. 

In contrast, Edwards and Wang (1996) used neutron diffraction at only one angle 

and the conventional Sachs method to measure the angular variation of the residual 

stresses. They obtained the least compressive tangential residual stress at the pip. 

Similar results were obtained by Ozdemir and Edwards (1996), where the maximum 

compressive stress was measured using the conventional Sachs method at 0= 90' 

from the split in the sleeve position. A modified Sachs technique (Lambert, 1954) was 

available at the time to measure antisymmetric stresses left by plastic bending, but 

Ozdemir and Edwards (1996) did not take into account such angular variations even 

explicitly in their paper. 

In this section, X-ray measurements described in Lacarac (2000) are compared to the 

FE predictions described in section 4.1. The X-ray measurements were made at the 

entrance and exit faces. These results illustrate the variation of the residual stresses 
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through-thickness of the cold expanded samples. Measurements using the Garcia- 

Sachs method, also described in Lacarac (2000), are compared to residual stresses 

averaged through-thickness for different angular positions. The use of conventional 

Sachs is also criticised. Only the Garcia-Sachs measurements will be briefly 

described, as these results are published elsewhere (Garcia-Granada et al., 1999a). 

A disc of inner radius a=3 mm, outer radius b= 16 mm and thickness h=6 mm 

was split-sleeve cold expanded. The material used was aluminium, alloy Al 2650 as 

described in chapter 3. Five strain gauges were bonded at 0=0', 45', 90', 135' and 

180' to the edge of the disc at a radius b=16 mm to measure the tangential strain 

changes. The material was bored out using a feed rate of I mm/sec in radial 

increments of 0.05 mm. A micrometer was used to measure the hole diameter 

corresponding to each strain reading. A Fourier analysis was carried out on the 

measured strains to obtain five Fourier coefficients. For each coefficient of strain the 

corresponding stress coefficient was determined using a plane stress assumption 

together with the equations given in appendix A. The stress coefficients were finally 

added together to generate the measured residual stress distributions as a function of 

angle. 

The results for 0= 90' are shown in figure 9.1 a and compared to the averaged 

stress through-thickness from axisymmetric models using three different hardening 

models described in chapter 4. An error bar for Sachs' measurements is shown in 

figure 9. Ia. This error bar is obtained from recalculation of residual stresses based on 

measurements errors for the strain reading of ±I ýtm/m and errors in the measurement 

for small radius of ±Iýtm. A good agreement was obtained for the combined 

hardening model, which included Bauschinger effect considerations. The FE analysis 

did not include the effect of the split-sleeve. Surface X-ray residual stress 

measurements are shown in figure 9.1 b also for 0= 90' and are compared to results 
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from the combined hardening axisymmetric model. Once more a good agreement was 

obtained. 

On the other hand the results obtained from the Garcia-Sachs and conventional 

Sachs methods were not in agreement. This is shown in figure 9.2a where the split 

sleeve position showed a maximum compressive stress using Garcia-Sachs while it 

was the least compressive using the conventional Sachs formulation. This was done to 

compare results with other researchers (6zdemir and Edwards, 1996, Edwards and 

Wang, 1996). Using the conventional Sachs method should be avoided to predict 

angular variations of residual stresses. 

To support the measurements obtained from the application of the Garcia-Sachs, 

extra measurements were carried out using the X-ray diffraction method for entrance 

and exit faces at different angular positions. The results are shown in figure 9.2b. At 

the entrance face the most compressive tangential residual stress was found at the split 

position (0 == 

The variation of residual stresses close to the position of the split-sleeve should 

be considered as a local effect. Therefore the Fourier analysis, as used in the current 

Garcia-Sachs method, is not able to describe accurately such a local effect in detail. 

The results must be interpreted as an indication of the trend of the real residual stress 

state. 

9.2. Redistribution of cold expansion residual stresses after application 

of external compressive load. 

In the last section residual stresses in the vicinity of cold expanded holes in Al 2650 

have been measured. In this section the influence of remote or external loading is 

quantified. A major concern is the possibility of removing compressive residual 
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stresses by redistribution after the application and removal of uniaxial compressive 

loads. In aircraft lower wing structures this effect must be investigated as the fatigue 

life, during flying conditions, could be modified after just one landing. 

Armen et al. (1984) studied such redistribution using two-dimensional FE 

analyses. Different compressive loads were remotely applied obtaining a relaxation of 

the compressive tangential residual stresses near the hole edge in the direction normal 

to the applied load (0=90'). The new residual stress distribution was non- 

axisymmetric but no experimental results were obtained to verify this. In addition, 

they calculated fatigue crack growth using weight functions developed by Grandt 

(1975) using FE stresses and following the equations developed by Bell and Creager 

(1975). In their conclusions they stated that omitting the effects of remote 

compressive loads on the residual stresses around cold expanded holes will result in 

unconservative crack growth life predictions. 

In this section,, residual stress measurements using the Garcia-Sachs method on cold 

expanded holes in Al 2650 aluminium alloy are compared to FE predictions. A plate 

of 100 mm width and 6 mm thickness containing a central hole was first cold 

expanded and then reamed to obtain a hole radius a=3.175 mm (1/8"). The plate was 

then sub ected to a uniaxial compressive loadOf Cyapp == 0.38(Ty' = -162MPa in the j 

0=0' direction. Finally, the external load was removed and a disc of outer radius b= 16 

mm was extracted from the plate. Strain gauges were attached to the outer radius in 

the tangential direction before commencing the boring out procedure. More details 

about the experimental procedure are given by Lacarac (2000). 

The experimental results are compared to FE predictions in figure 9.3a for 0=0' 

(loading direction) and in figure 9.3b for 0=90' (normal to loading direction). The FE 

stresses were obtained from three-dimensional simulations presented in chapter 4. 
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The FE stresses are averaged through-thickness. The original FE axisymmetric stress 

distribution from cold expansion is also shown to illustrate the extent of relaxation of 

the residual stress. 

Good agreement between the measurements and simulation is obtained. There is 

an important reduction of the compressive tangential residual stresses near the hole 

edge in the direction normal to the loading. As described in chapter 4, the area in 

compression remained similar to the original cold expansion residual stresses. The 

residual stress was non-axisymmetric, and therefore the conventional Sachs method 

should not be used to calculate residual stresses. 

9.3. Relaxation of cold expansion residual stresses due to creep. 

Creep relaxation of cold expansion residual stresses has been a major issue in this 

research. In this section an evaluation of cold expansion residual stresses after creep 

stress relaxation is reported. 

Little previous work has been reported about the relaxation of residual stresses in 

aluminiurn alloys. Bonnaf6 et al. (1996) studied age creep forming residual stresses 

and their interaction with buckling and welds in Al 2219 alloys. Stress relaxation was 

evaluated through tests performed at different temperatures, but no information was 

provided about how to model such creep relaxation. Brinksmeier et al. (1994) 

summarised the reasons for residual stress relaxation as a consequence of quasi-static 

loading, cycling loading and annealing at higher temperatures. They showed the 

relaxation of shot-peened residual stresses for SAE 4140 at 450'C for different 

periods of time. Once again, little detail was given about the modelling. 

In this section, the creep relaxation of residual stresses in cold expanded discs of Al 
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2650 aluminium alloy is presented. A disc of inner radius a=3 mm, outer radius b=16 

mm and thickness h=6mm was split-sleeve cold expanded and then placed in a 

furnace for 1000 hours at 150T. Once removed from the furnace, strain gauges were 

attached to the sample on the outer face before commencing the Sachs boring-out 

process. The strain readings were analysed and residual stresses, averaged through- 

thickness, were calculated using the Garcia-Sachs method. For completeness, X-ray 

diffraction was used to measure surface residual stresses at the position normal to the 

pip (0=90'). The details of the experiments and procedures are given by Lacarac 

(2000). The FE studies were presented in chapter 5. 

The tangential residual stress measurements and FE predictions averaged 

through-thickness are compared in figure 9.4a. The figure also shows the initial 

axisymmetric FE prediction for cold expansion residual stresses. Good agreement was 

found between FE predictions and experiments. The FE simulations predicted larger 

final compressive tangential residual stresses near the hole edge. This could be a 

consequence of the inaccurate creep model not taking into account the influence of 

large prior plasticity at this position. In any case, this relaxation was smaller when 

compared to the application of a compressive load studied earlier. This can not be 

generalised, as creep would be more important at higher temperatures and relaxation 

due to compressive loading less important for smaller compressive loads. 

Results at the entrance and exit faces are shown in figure 9.4b, with X-ray 

measurements and FE predictions compared for the position normal to the split (0 = 

90'). The relaxation occurred everywhere except near the entrance face where original 

residual stresses were already small. Good agreement was found between FE 

predictions and X-ray measurements. 
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9.4. Redistribution of cold expansion residual stresses due to external 
load and creep. 

The lower wing skins of supersonic aircraft are subjected to tensile loads and high 

temperature during flight conditions. It was decided to analyse the relaxation of 

residual stresses from cold expansion with the application of external loads. 

Plates containing a central hole were cold expanded and then placed on a creep 

rig where they were heated up to 150T. Once the temperature was stable, the sample 

was subjected to a uniaxial external load equivalent toCyapp= 0.3 8 cyy' =I 62MPa in the 

0==O' direction for 1000 hours. Then the sample was unloaded and cooled down to 

room temperature. Next, a disc of outer radius b=1 6 mm was extracted from the plate 

and strain gauges bonded at different angular positions in the tangential direction. The 

residual stresses were calculated using the Garcia-Sachs equations for plane stress. 

For completeness, X-ray diffraction was used to measure surface residual stresses at 

the position normal to the pip (0=90'). More details about the experimental procedure 

and experimental results are given by Lacarac (2000). The FE results were presented 

in chapter 5. 

Tangential residual stresses averaged through-thickness of the component 

measured using the Garcia-Sachs method and FE, predictions are shown in figure 

9.5a. The original axisymmetric FE prediction of the residual stresses is also shown to 

illustrate the degree of relaxation. Good agreement was obtained between predictions 

and measurements except for positions close to the hole edge in the direction normal 

to the loading. In this position FEA predicted larger compressive tangential residual 

stresses at about 70 MPa more compressive than the measurement. Several reasons 

could justify such a disagreement. These include the creep modelling, split-sleeve 
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effect and disc extraction. Both the FE and experimental measurements revealed an 

angular variation of residual stresses, with the most compressive residual stresses near 

the hole edge at 0=90'. 

Surface stresses measured with X-ray are compared to FE predictions in figure 

9.5b for entrance and exit faces. Reasonable agreement was found. The FE residual 

stresses were more compressive than the X-ray results near the exit face, but were 

nevertheless within the large error bars of X-ray measurements. In this case smaller 

stress relaxation near the exit face was found when compared to creep relaxation 

without external load. 

9.5. Generation of residual stresses around non-cold expanded holes 

due to external load and creep. 

The benefit of cold expansion residual stresses should be always checked against 

non-cold expanded holes. The effects of load and temperature should be analysed for 

non-cold expanded holes since there is a possible generation of either beneficial or 

detrimental residual stresses in the process. 

Plates containing a central hole (non-cold expanded) were placed on a creep rig 

where they were heated up to 150'C. Once the temperature was stable the sample was 

subjected to a uniaxial external load equivalent to cy,, pp = 0.38cyy' =: 162MPa in the 

0=0' direction for 1000 hours. Then the sample was unloaded and cooled down to 

room temperature. Next, a disc of outer radius b= 16 mm. was extracted from the plate 

and strain gauges bonded at different angular positions in the tangential direction. The 

residual stresses were calculated using Garcia-Sachs equations for plane stress. More 

details about the experimental procedure are given by Lacarac (2000). The 

comparison between FE and experimental results is given by Lacarac et al. (1999). 
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Tangential residual stresses were developed as a consequence of localised plastic 

and creep strains during loading and creep. Then the load was removed. The 

tangential residual stresses are shown as a function of radius in figure 9.6a for the 

loading direction and in figure 9.6b for the position normal to the loading direction (0 

= 90'). Good agreement was found between the Garcia-Sachs measurements and the 

FEA predictions. Once more FEA predicted larger compressive tangential residual 

stresses than the experimental measurement close to the hole edge. The accuracy of 

the modelling of creep behaviour is questionable for high loads, particularly where 

power-law creep is no longer valid. No prior plasticity was present in this case before 

creep relaxation. Further considerations about the transition from 150T to room 

temperature must be taken into account as it was not instantaneous and the relaxation 

of stresses may occur. Beneficial compressive tangential stresses were introduced in 

the direction normal to the applied load. 

Once more, the use of the conventional Sachs method provided erroneous results. 

Sachs measurements are also included in figure 9.6a and b, and obtained a tensile 

tangential residual stress for the position normal to the loading direction. This is 

contrary to the FE results and the Garcia-Sachs measurements. 

9.6. Generation of residual stresses around non-cold expanded holes 

due to external load andplasticity. 

A similar simulation and experiment to the last section was produced for plates 

containing a central hole (non-cold expanded) subjected to a high uniaxial external 

load at room temperature to produce localised plasticity. The applied load was cyapp = 

01 0.7cyY' = 30OMPa in the 0=0 direction. The sample had a hole radius a=3 mm, 

thickness h=6 mm in a plate 22 mm wide and more than 100 mm in height. Then the 

153 



Chapter 9. - Comparison FE /Experiments 

sample was unloaded to generate the residual stresses, a disc of outer radius b=10 mm. 

was extracted from of the plate and strain gauges bonded at different angular positions 

in the tangential direction. The residual stresses were calculated using the Garcia- 

Sachs equations for plane stress. More details about the procedure are given by 

Garcia-Granada et al. (2000b). 

The Sachs boring process was also simulated using FE analysis and the predicted 

strains compared to those measured with experiments in figure 9.7a for three angular 

positions. The Fourier coefficients were calculated from the measured strains. Results 

are shown in figure 9.7b and compared to the FE predictions. 

Tangential residual stresses originated as a consequence of plastic strains during 

loading. Then the load was removed. The tangential residual stresses are shown as a 

function of radius in figure 9.8a for the loading direction (0=0') and in figure 9.8b for 

the position normal to the loading direction (0=90'). Good agreement was found 

between the Garcia-Sachs measurements and the FEA predictions. Once more FEA 

predicted larger compressive tangential residual stresses close to the hole edge. 

However, experiments attempting to measure non-axisymmetric residual stresses 

using the conventional Sachs method provided significant errors. Sachs measurements 

are also included in figure 9.8a and b, and reveal tensile tangential residual stresses 

for the position normal to the loading direction. Again this is contrary to the Garcia- 

Sachs measurements and the FEA predictions. 

9.7. Conclusions. 

(i) Several experimental applications of the new Garcia-Sachs method have been 

presented. Using this technique good agreement between experimental results and FE 

predictions was found. 
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(ii) The conventional Sachs boring method produced significant errors when used 

to measure non-axi symmetric residual stress distributions. 

(iii) X-ray was used to measure surface stresses and the Garcia-Sachs method was 

used for stresses averaged through-thickness with plane stress assumptions. 

Gv) Measurement of the tangential residual stresses around split-sleeve cold 

expanded holes revealed higher compressive stresses at the position of the split using 

both the X-ray and Garcia-Sachs methods. 

(V) The application of compressive loads relaxed the compressive tangential 

residual stress in the position normal to the applied load. Good agreement was found 

between FE predictions and the Garcia-Sachs measurement method. 

(vi) Creep relaxation of residual stresses at 150'C was studied with and without 

external loading. Predictions revealed greater relaxation for the second case, which 

was partially confirmed by experimental measurements. 

(Vii) Introduction of residual stresses around non-cold expanded holes was 

predicted using FE analysis and measured using the Garcia-Sachs method. Two 

examples, where residual stresses were a consequence of either creep or plasticity, 

were examined. Compressive tangential stresses were generated and are beneficial in 

the direction perpendicular to the applied load. 
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Chapter 10 
Conclusions and Further Work. 

In this thesis, the effect of cold expansion on a new aluminium alloy has been 

investigated The split-sleeve method was used to cold expand 6 mm thick 

plates and discs of Al 2650 containing a central hole, 6 mm in diameter. 

Several tests were carried out to characterise the material behaviour of Al 

2650 at both room temperature and 1500C. FE simulations were undertaken to 

predict residual stresses arising ftom the cold expansion process before and 

after high temperature exposure, with and without the application of external 

loads. Predictions for crack growth in the presence of residual stresses were 

presented A methodology was presented, so that the benefits of cold 

expansion, compressive loading and creep can be reliably accounted for in 

fatigue damage tolerant analyses. Predicted residual stresses were compared 

to experimental measurements using X-ray diffraction and a new approach 

based on the Sachs boring technique. In this Chapter, conclusions based on 

this study and recommendationsfor further work are given. 

10.1. Concluding comments 

The numerical results and analyses presented in the previous chapters led to the 

following conclusions, listed in order of appearance within this thesis: 

1. Analytical models are capable of describing one-dimensional axisymmetric cold 

expansion residual stresses as a function of radius. Complicated iterative 

(numerical) analyses are required to match the Bauschinger effect which predicted 
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less compressive tangential residual stresses near the hole edge in comparison to 

other plasticity models. However these models do not provide information about 

through-thickness and angular distributions arising from the mandrel pulled 

through and split in the sleeve respectively. 

2. The Al 2650 stress-strain response was determined from tensile tests at low strain 

rates. The results showed a similar behaviour when tested in the longitudinal and 

transversal directions of rolling. An important Bauschinger effect was also 

revealed,, which was approximated by a combined hardening model. However, this 

model was not available for two-dimensional analyses (plane stress and plane 

strain) were the best approximation for material behaviour was kinematic 

hardening under plane stress assumptions. 

3. The Al 2650 cyclic behaviour was tested using strain controlled cyclic tests. The 

results showed a small softening, or relaxation of maximum stress. This softening 

is matched in the combined hardening but ignored in the linear kinematic 

hardening model. However, the effect of cyclic relaxation was not considered in 

the FE simulations as other effects,, such as creep, were of greater importance. 

4. The creep behaviour of Al 2650 was tested at several temperatures by means of 

strain accumulation tension tests with several applied external loads plus stress 

relaxation tests with different initial applied strains. The experimental study 

considered the effect of prior plasticity. A primary creep power-law, with time 

hardening integration, was used to model creep in the FE analyses. 

5. Axisymmetric FE simulations showed a through-thickness distribution where the 

compressive tangential stresses were very small at the entrance (inlet) face and 

near to the hole edge. There were small variations in the through-thickness 

direction far from the entrance face. The Bauschinger effect was modelled and 

consequently lower compressive tangential residual stresses were obtained when 
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compared to isotropic and kinematic models. 

6. Two-dimensional models demonstrated that far field tensile uniaxial loads, even 

beyond one third of the yield stress, applied to cold expanded holes did not 

introduce additional plasticity as a combination of stress concentration and 

compressive residual stresses. The same simulation was repeated using three- 

dimensional models where cold expanded holes yielded near the entrance face and 

hole edge, where the compressive tangential residual stresses were smaller. 

7. The application of compressive external loads redistributes and relaxes the residual 

stresses in the position normal to the loading direction. The tangential residual 

stress became tensile near the hole edge after the application of high compressive 

external loads. 

8. The creep relaxation of residual stresses has been simulated successfully using FE 

analyses. Creep relaxes the tangential stresses near the hole edge. The relaxation 

was greater when no external load was applied. The relaxation did not affect the 

tangential residual stress distribution near the entrance face. 

9. Stress intensity factors were evaluated from FE simulations of cracks of various 

lengths together with different residual stress distributions. Methods such as the J- 

integral, HRR stress fields and crack tip opening displacement (CTOD) were used 

to calculate the stress intensity factor (K). The J-integral calculation was path 

independent for non-cold expanded holes but path dependent for cases containing 

residual stresses. Through-thickness and comer cracks were examined using 

three-dimensional models and compared to two-dimensional models with the 

same CTOD, radial and angular mesh distribution. The results showed that there 

was a benefit of cold expansion when crack closure was obtained, and therefore a 

zero effective stress intensity factor was provided. This was not only a function of 

crack length and applied load but also a function of through-thickness position. 
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I O-A prediction of crack opening was presented as a function of crack length and 

applied external load. The prediction was able to determine crack opening starting 

from the crack tip, followed by opening from the hole edge to obtain complete 

crack opening. This was also predicted from FE and experimental work. 

I l. The effect of creep on crack tip stresses was also studied. With the application of 

external load, crack tip stresses, J-integral and crack opening all increased with 

time as creep strains accumulated around the crack tip. For cold expanded holes 

the accumulation of creep strains did not allow crack closure to take place. 

12. Fatigue crack growth was calculated from the stress intensity factors at different 

crack lengths using a Paris law equation. In all cases, cold expansion was predicted 

to give lower crack growth rates even after creep relaxation, when compared to 

non-cold expanded samples. 

13. Fatigue life was predicted from the fatigue crack growth calculations using 

conventional S-N diagrams representing the number of cycles to failure as a 

function of applied nominal stress range. Longer lives were predicted for cold 

expanded specimens. For low applied stress ranges, the effective stress intensity 

factors were zero, and therefore crack arrest was also predicted. From two- 

dimensional simulations the longest life was predicted for cold expanded holes, 

then for cold expanded and crept with the application of external load, then for 

cold expanded and crept without external load. The shortest life was predicted for 

non--cold expanded holes and slightly longer for cold expanded holes after the 

application of compressive loads. 

14. A new method based on Sachs boring for measuring two-dimensional non- 

axisymmetric residual stresses was developed. Several FE benchmarks were 

undertaken to demonstrate the validity of the Garcia-Sachs method. The 

conventional Sachs can not be used for measuring non-axisymmetric distributions. 
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15. Several experiments on cold expanded holes were carried out to compare with 

FEA predictions. A split-sleeve cold expanded hole was measured obtaining more 

compressive residual stresses near the pip of the sleeve position. These results were 

supported by X-ray surface measurements. Cold expanded holes after the 

application of creep, with and without external load, and cold expanded holes after 

the application of compressive load were also measured. In all cases a good 

agreement was found between the measurements and the predictions. 

16. Further applications to non-cold expanded holes were examined with the Garcia- 

Sachs method. Two experiments were compared to FEA predictions for holes 

subjected to high loads to produce plasticity in the vicinity of the hole, and for 

holes subjected to load and high temperature to produce creep strain in the vicinity 

of the hole. In both cases a good agreement was found. 

10.2. Recommendations forfuture work 

Opportunities for future work can be identified in three main areas in this work: 

material identification, FE simulations and experimental residual stress 

measurements. 

p ý-(- 
- -L-ýO ýL-ý-L 19.2.1. Ex erimental st4udiesv ofAl 265 aluminium talloy 

1. Cold expansion is carried out at high strain rates. The literature suggests that the 

visco-elastic-plastic material properties would be different to those obtained at 

low strain rates. Further investigations should be undertaken to obtain the stress- 

strain behaviour as a function of strain rate,, followed by the visco-elastIc 

relaxation of residual stresses. 
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2. The Bau-schinger effect is thought to be a consequence of large deformations in the 

axial direction as a consequence of the rolling process. Therefore, an accurate 

determination of the back-stress needs to be measured from tension-compression 

tests of specimens manufactured in the through-thickness direction. The thickness 

of the plate was only 15 mm and therefore a more detailed study is needed about 

how to carry out these tests with micro-specimens. 

3. Creep has been measured for different temperatures. However the temperature was 

always constant throughout the test. More studies are required to simulate the 

transition between room temperature and higher temperatures (heating up) and the 

influence on creep strain accumulation combined with stress relaxation. 

4. Creep strain accumulation tests were carried out in tension. More testing in 

compression would provide a strain correction taking into account the change of 

cross-section during testing, and therefore, producing better curve fitting to a creep 

power-law. 

10.2.2. Finite elements studies 

1. Three-dimensional simulations are required to simulate the effect of the opening of 

the split-sleeve while the mandrel is pulled through the hole. For this simulation it 

is believed that the friction between the sleeve and the hole edge may play an 

important role. 

2. Application of external loads was simulated as remote stresses, while in reality the 

hole is meant for load transfer by means of the fasteners. Open holes were a 

conservative case for fatigue life prediction of cold expanded holes but this is not 

necessarily true for cases when creep is present. The influence of compressive 

loading should also be revised with the influence of the fastener. 

I Cracks have always been introduced in the model once the residual stresses were 
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present. Further studies of fatigue crack growth need to be undertaken to simulate 

the change of the fatigue crack front, redistribution of residual stresses during the 

growth and influence of the loading ratio (R). In these cases the influence of hold 

time at high temperature can also be studied obtaining more detailed fatigue and 

creep crack growth behaviour. 

10.2.3. Ne in 

1. The formulation provided by Sachs for the measurement of 2D axisymmetric 

residual stresses has been extended to measure non-axi symmetric distributions. 

However this new method only measures stresses averaged through-thickness of 

the component. FE shows an important through-thickness variation, therefore a 

further study is required to obtain an approach able to measure a complete three- 

dimensional residual stress distribution. 

2. The method may be extended to measure residual stresses minimising the damage 

to the samples. This would be achieved by avoiding the disc extraction and 

therefore measuring the strain change on entrance and exit faces directly. New 

formulation would be needed with a similar approach to the centre hole drilling 

technique. 
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Journal publications 

Garcia-Granada, A. A.; Pavier, M. J.; and Smith, D. J.; 2000a "A new procedure 

based on Sachs boring for measuring non-axi symmetric residual stresses" Journal of 

Mechanical Sciences, Vol. 42 pp. 1027-1047. 

Abstract: Sachs boring is an established technique for the measurement of 

axisymmetric residual stresses in cylindrical components. There are however 

important cases where non-axisymmetric residual stresses need to be found. In this 

paper a new procedure is developed to measure non-axisymmetric residual stresses. 

The essential feature of the new procedure is the use of a Fourier series to represent 

the residual stresses. The correctness of the new procedure is demonstrated using a 

finite element simulation where a set of non-axisymmetric residual stresses are 

determined. Excellent agreement is found between the predicted and measured 

residual stresses. 

Garcia-Granada, A. A.; Pavier, M. J.; and Smith, D. J.; 2000c "Creep relaxation of 

residual stresses around cold expanded holes" Journal of Applied Mechanics, 

Transactions ofASME, Submitted for publication. 

Abstract: The cold expansion of fastener holes in aircraft components is a 

standard technique to improve fatigue life. There is concern that the beneficial 

residual stresses arising from cold expansion may relax due to creep, particularly in 

aircraft subjected to higher temperatures. This paper describes experimental 

measurement and finite element prediction of cold expansion residual stresses and 

their redistribution after creep, with and without additional mechanical load. 
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experimental measurements of near-surface stresses used an X-ray diffraction 

technique while average through-the-thickness stresses were measured using a new 

method based on Sachs boring. This new method allowed non-axisymmetric residual 

stresses to be measured, as was the case when creep relaxation occurred under 

mechanical load. Axisymmetric and three-dimensional finite element analyses were 

used to predict the stress distribution through-thickness of the component. a 

combined hardening material model was adopted to match closely the cyclic 

properties of the material. Power-law equations were used to the creep behaviour. 

Good agreement was found between predicted and measured residual stresses for cold 

expanded samples before and after creep relaxation. Creep relaxation of residual 

stresses does indeed occur, but some benefit of the cold expansion remains, 

particularly when creep relaxation is combined with the application of mechanical 

load. 

Garcia-Granada, A. A.; Lacarac, V. D.; Smith, D. J.; Pavier, M. J.; 2000b "A new 

procedure based on Sachs boring for measuring non-axisymmetric residual stresses : 

Experimental application" Journal o Mechanical Sciences, Vo. 42 pp. 1027-1047. )f 

Abstract: A new procedure has been developed based on Sachs boring to 

measure non-axisymmetric residual stresses in cylindrical components. The new 

procedure uses a Fourier series to represent the residual stresses. This paper describes 

an experimental application of the procedure to measure the residual stresses around a 

hole in a specimen subjected to a uniaxial overload. Good agreement is found 

between the measured residual stresses and those predicted using a finite element 

simu ation. 
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Conference proceedings 

Garcia-Granada, A. A.; George, D.; and Smith, D. J.; 1998a "Assessment of 
distortions in the deep hole technique for measuring residual stresses" Proceedings of 

the 11th International Conference on Experimental Mechanics, Oxford, U. K., 24-28 

August 1998, pp. 1301-1306 

Abstract: The Deep Hole Technique for measuring residual stresses in thick 

section components is used to determine distributions of residual stresses, through- 

thickness, of a variety of welded steel components of varying geometric complexity. 

The technique relies on the measurement of the distortion of a reference hole drilled 

through the wall thickness. This paper presents recent developments in the analysis of 

the hole distortion. The measured distortions include diametrical changes in the 

reference hole, together with changes in height during the trepanning of a column 

containing the reference hole, and are converted to residual stresses using elasticity 

theory. FE analyses have also been carried out to determine the influence of near 

surface conditions for thick walled components. These results are then incorporated 

into the solution procedure. 

Garcia-Granada, A. A., Smith, D. J., and Pavier, M. J.; 1999b "Analysis for 

determining non-axisymmetric Residual Stresses" Proceedings of the Fifth European 

Conference on Residual Stresses (ECRS5), 28-30 September 1999, Deýft- 

Noordwijkerhout, Holland, 

Abstract: The Sachs boring technique is used widely to determine residual stresses 

in axisymmetric components. An example of such a component is an autofrettaged 

tube. The residual stress measurement technique is based on material removal from 
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the inside of the cylindrical component and strain measurement at the outer face of the 

component. Several studies have attempted to use this standard method to determine 

residual stresses where the measured strains are non-axisymmetric. In this paper a 

new procedure to measure non-axisymmetric residual stresses is presented. The new 

method is based on a Fourier analyses of the measured strains. The analysis 

determines radial, tangential and shear tangential stresses as a function of angle and 

radial distance. The solutions provided can be applied to plane stress and plane strain 

conditions. The accuracy of the new method is checked using a FE simulation to 

generate a non-axisymmetric residual stress distribution. The material removal and 

strain readings are also simulated. Finally the residual stresses are calculated using 

both the conventional axisymmetric Sachs analysis and the new Fourier analysis. The 

new method determines accurately the non-axisymmetric residual stress distributions, 

while the conventional method provides only an average distribution. The figure 

below illustrates the tangential residual stress distribution using both techniques. 

Lacarac, V.; Garcia-Granada, A. A.; Smith, D. J.; and Pavier, M. J.; 1999 

"Experimental measurements of non-axisymmetric Residual Stresses" Proceedings of 

the Fifth European Conference on Residual Stresses (ECRS5), 28-30 September 

1999, Delft-Noordwijkerhout, Holland. 

Abstract: The conventional Sachs method and a new method using Fourier 

analysis are employed to measure non-axisymmetric residual stresses. Two examples 

of non-axisymmetric residual stresses are presented. The first is a highly non- 

axisymmetric residual stress distribution around a non-cold expanded hole exposed to 

creep conditions. The second example deals with residual stresses arising in a cold 

expanded hole. The two residual stress measurement techniques rely on strain 

measurements in tangential and/or axial directions at a given radial distance. The 
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Sachs method assumes that the residual stresses are symmetric, and consequently only 

one strain gauge is needed. However, for the new method the strain distribution at 

several angles is required. The angular strain measured, as a result of boring out the 

hole, for both examples were found to exhibit significant variations. The calculated 

residual stresses from both techniques are discussed and compared. The error 

intro uced using Sachs method depends on the angular variation of the residual 

stresses. Not only can the conventional Sachs technique give erroneous residual stress 

magnitudes, but can also provide residual stresses of the opposite sign. The new 

method is shown to provide accurate results. 

Garcia-Granada, A. A.; Lacarac, V.; Smith, D. J.; Pavier, MJ.; Cook, R.; and 

Holdway, P.; 1999a "3D residual stresses around cold expanded holes in a new creep 

resistant aluminium alloy" Proceedings of the Fourth International Conference on 

Computer Methods and Experimental Measurements in Surface Treatment (SURF99), 

pp. 103-116,20-22 September 1999, Assisi, Italy. 

Abstract: Hole cold expansion is used frequently to enhance the fatigue endurance 

of components. The cold expansion process introduces compressive residual stress at 

the periphery of the hole and tensile stress further away. To understand how these 

residual stresses enhance the fatigue life, it is essential that we have an accurate 

description of the three-dimensional distribution of the stresses. In this paper we 

describe the results of experimental studies and finite element analyses used to 

determine detailed residual stress distributions in a new creep resistant alloy. The 

near surface residual stresses at the mandrel entrance and exit faces were measured 

using an X-ray diffraction technique. The results show significant differences 

between residual stresses at the two faces. The residual stresses are also shown to 

vary as a function of position around the hole. To take account of this variation a new 
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approach, called the Garcia-Sachs method, was used to measure residual stress 

averaged through-thickness of the component. For finite element simulations, a 

combined hardening material model was used to reproduce the Bauschinger effect 

exhibited by the aluminium alloy. Using this new model, excellent agreement was 

-P.. tound between predicted and measured near surface residual stresses. Finally there is 

also good agreement between the measured mid-thickness residual stress and the FE 

predictions. 
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Appendix A: Garcia-Sachs equations 

Appendix A 
Garcia-Sachs equations 

This appendix presents a collection of equations developed to measure residual 

stresses. The method is based on the Sachs boring technique and therefore 

these equations are also included As explained in Chapter 8, a Fourier 

analysis was carried out and the conventional Sachs wasfound toform thefirst 

coefficient of the series. For each coefficient, the stress function, the strain 

measured, the equilibrium equations and finally the solution for residual 

stresses are given. The solutions are validfor two-dimensional cases where the 

material constant M is the Young's modulus Efor plane stress and El(]- iý) for 

plane strain. 

A. ]. Conventional Sachs: n=O 

Stress function: 

n=O (r) = Ar 2+B log(r) (A. 1) 

Strain measured at r=b: 

AE �n=O (r)], 
=b = F- n=O = 

Grr n=O(r) 2r 2 
(A. 2) 

M 
-b 

2_r2- 

Solution to radial and shear residual stresses on the disc plus equilibrium equation: 

186 



Appendix A. - Garcia-Sachs equatio 

Cyrr n=O Mb ln=O 

, Cron= 0o - 

C700 n =-- 0 (r) 
= 

'arcy rr 
n=O 

- 
r) 

ar 

(A. 3) 

Solution to residual stresses relaxed due to disc extraction. The tangential strain must 

be measured on the inside of the hole,, r=a: 

Acyrr n=o W=m 

n=O ACYOO (r) =M 

a2 
2 

_6'40nýo 

lr=a 

+a n-0 
-2 00 r=a 

A. 2. First cosinelsine coefficient: n=l 

Stress function: 

n=l W= Ar 2 B 
cosl sin(0) 

r 

Strain measured at r=b: 

AFoon=l (r)lr=b =6n=I 
Cy rr 

n=l (r) 4br3 

m 
_b 

4_r4 

(A. 4) 

(A. 5) 

(A. 6) 

Solution to radial and shear residual stresses on the disc plus equilibrium equation: 
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Appendix A .- Garcia-Sachs equati . ons 

Cy rr 
n=l (r) =Mbr 

n=l 

4br 3 

, Cron= 
1 (r) 

= ±M 
b_r n=l 

4br 3 

C700n=l 
(r) 

= 
arCyrrn=l (r) 

+, rron=l 
(r) arT 

ron= +, Uron=l 
(r) 

ar ar 

A. 3. Second cosinelsine coefficient: n=2 

Stress function: 

n=2 (r) Ar 4+ Br 2+c+D 
cosl sin(20) 

r2 

Strain measured at r=b: 

AF-00 n-2 r r=b =F, n=2 - 
Cyrr n=2 (r)(b 2+r2 )± 

_, r 1-0 
n=2 (r)b 2 4r 2 

(b 2_r2f- 

(A. 7) 

(A. 8) 

(A. 9) 

Solution to radial and shear residual stresses on the disc plus equilibrium equation: 

n=2 
-M 

b2 -r2 (Trr (r) 
4r 2 

x6 n=2 
- 6b 2b2-r2rrf6 

n=2 
- 2f 

ra 
(b2 

-r r2y 

, Uron=2(r)=+_M 
b -r x 

2r 2 

n=2 22b2-r2rrr6 
n=2 

xE- 3(b +r2f -Or' ý 
ra 

(b2 
-r r2y 

n=2 
Drcyrr n=2 (r) 

+ 2, c ron=2 
(r) 

=+ 
aru 

ron=2 
(r )+ I 

Uron=2( Goo 
(r) 

=-r 
ar 2ar 2 

10) 
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4ppçndix A: Garcja-Sachs equations 

A. 4. Third cosinelsine coefficient: n=3 

Stress function: 

n=3 (r) Ar 5+ Br 3+c+ D) 
cosl sin (3 0) 

r3r 

Strain measured at r=b: 

A, n=3 n=3 
, 00 (r)lr=b =F 

Cyrr n=3 (r)ý3b 4+ 3b 2 
r2 +3r 

4 )± 
-T ron=3 

(r)(3b 4+ 4b 2r2-r4 

x 

1) 

(A. 12) 
M 

2br3 
(b 4 +4b 2r2+r4 Xb 2_r2 

Solution to radial and shear residual stresses on the disc plus equilibrium equation: 

Lb 2-r2 ýb4 

I+ 
4b2 r2+r 

4)- 

I 2br3 (b 2 

_ r4) 
44 ý3b4 224r4+ 4b2 r2 41 ir--3 

xE 

(b 
r+brrfr +r E 

(b 4 +4b 2r2+r 4ý2 
a 

(b 4_r4 

22 ýb4 
+ 4b2 2 4) 

Tro n--3 (r) +_ IV 

(b 
-rr +r 

x 
4br3 (b 2 +r 2 

(b 4r4 L3ý4 22r4r (b4 
+ 4b2 r r2 +r f+6 

x 
+b r- r4) n--3 

(b 4 +4b 
2r2 +r 4ý2 

f4 

f4 

ir--3 )a 

(b 
r 

C700 tr--3 (r) = 
OlUrr (r 

+ 3-c,. o 
n--3 + 

G)fT to 
n--3 (r) 

+ tr--3 
3& 3 

(A. 13) 
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A-5. Fourth cosinelsine coefficient: n=4 

Stress function: 

n=4 (r) = Ar 6+ Br 4+C+D 
COSI sin (40) 

r4r2 

Strain measured at r=b: 

AEOO n-4 (r)lr=b =6 n-4 
_ 

CY rr 
n=4 (r)(2b 6 +. 2b 4r2 +2b 2r4+ ýr6)± _Tron=4 

(r ý2 
b6+b4r2r6 

m 

(3b 4 +4b 21,., 2 +31,4 
ýb 2 

_?,., 
2 y 

2ýb4 +2b3r+4b2 24 
-r r +2hý +r 

2b 2r4 

43223 4ý 432234 ýb2 
_ r2 

_(h 
+2h r+4h r +2br +r h -2h r+4b r -2br +r 

(A. 14) 

(A. 15) 

Solution to radial and shear residual stresses on the disc plus equilibrium equation: 

I 

Cyrr" -4 rI 

-(b2 
-r 

2 ýb4 
+2h3 r +4b2 r2 +2hiý +r 4 ýb 4_ 2b 3 

r+4b 
2r2 

-2biý +r 4 

8b 2r4 (3b 4 +4b 2r2 +3r 4) 

(b 2 
-r 

2 ýb6 
+b 

4r2 
-r 

6 bb4 
+4b 

2r2 
+3r 

4) 

-3 T _2hý r 
(b 4 

+2 
3h 
r+4h 

2r2 
+2W +r 

4 ýb 4 2h 3 
r+4h2 r2 +r4 

2 

i 

a 

Tro n-4(r)=+_M 

aj 

4 
_2h3 r+4h2 r2 -2hý +r 

4 

2h 2r4 ý3b4 
+ 4b2 r2 +3r 4 

I" ýb 2_r2 ýb2 
+r 

2 ýb4 
-r 

4 ý3b4 
+4b2 r2 +31, ý4) 

n=4 
4 +2b3 +4b2 

244 
_2b3 r +4b2 r2 -2hý +r 

4 
brr +2W +r 

lb 

'bý3+ýý 
X 

b4 +2b3lj ., _+4b2lj2_2 6m=4 
V 

_+4b2l, 
2+2bý3+r4ýb4 

_2b3, 
142, 

j2 tj4 
222 a 

(3b 
+4b +3 

ýb ) 

al(Yrrn---'4 (r) 
n--4 

n=4 
+ Tro + 4Tü CYO on-, 

(r) 
= 

0, 4c 4 

x 

(A. 16) 
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Appendix A: Garcia-Sachs equations 

A. 6. General cosinelsine coefficient: n 

Stress function: 

n (r) = Ar n+2 + Brn +C+D cosl sin(nO) 
rnr n-2 

) 

Strain measured at r=b: 

n 
Acoon (r)lr=b =: n Cyrrn 

(r)k, (n, r) :ý 'r ro 
(+2 (n, r) 

m 

(A. 17) 

18) 

Solution to radial and shear residual stresses on the disc plus equilibrium equation: 

r 
CY rr 

n(r)=Mxf(n, r)x En +gI(n, r)fh(n, riýnar 
a 

r 
, r, on 

(r)=±Mxnxf(n, r)x 6n+ 92 
(n, 

r)f h(n, r 
ýnar 

a 

n (r) 
ara 

rr 
(r) 

+ n-r 'on 
(r) ++I rron 

(r) 

c9r nar n 

where ki, k2j, gl, g2and h are functions to be determined for each coefficient. 

(A. 19) 

The equilibrium equation can be solved for both pressure and shear given the 

following relation: 

nIrI Or ro 
n (r') (2 

arr (r)=+--fr 
arl 

n ro nr . 
or 

2r 
Urr 

n (r') 
+r 

&F 
rr 

(r I) 

'Cron (r) 
= +-nrn -2 f- 

In 
2_1 

ar' 
-arf 

ar 

(A. 20) 
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Tables 

Table 3.1. Typical properties for general aluminiurn alloys from Metals Handbook 
(1987). 

Density, 6 2.7 Kg/dm' 
Modulus of Elasticity, E 70 GPa 
Poissons Ratio, v 0.33 
Shear Modulus, G 26 GPa 
Thermal expansion 2.4 x 10-: ) K- 
Melting Point 620 T 

Table 3.2. Aluminium alloy Al 2650 chemical composition. 

%Cu %Mg %Mn %Si %Fe %Ti %Al 
Nominal 2.7 1.65 0.35 0.4 0.1 0.1 remainder 
Actual 

. 
2.74 1.74 0.34 0.41 0.11 0.09 remainder 

Table 3.3. Aluminium alloy Al 2650 tensile properties. 

Fensile test at I E=72 GPa I o-y=427 MPa 1 u4%=448 MPa 
room temperature 
Tensile test at E=72 GPa o7y=348 MPa o74%=359 MPa 
1500C 

Table 3.4. Creep power-law fit for Al 2650. 

Power-Iaw creep C, =4x 10- " AH= 10' R=8.316 m, =0.32 n, =7.5 
All Mpa-n cs -m c J m01-1 J mol-' K-1 

gc =: Cce RT �n.. t mc 

Table 3.5. Paris law fit for Al 2650. 

Paris law Cj=4.928 10-8 m/=3.99 
ac 

= Cf (AK) nif mm cycle-' (MPa ým)_'c 
ON 

Table 4.1. Parameters for combined hardening model. 

a=C 
(o7-a)cP'-yaEl" 

07 
0 

07 071 + Q. 
" e "p' 

E 
MPa 

v al" 
MPa 

c 
MPa 

y QX 
MPa 

b EPI lo (0ý100)cloyqoýloz) 
NIPa 

72000 6-. 33 370 12500 120 -200 0.25 0.2 0,0ý-Ioo 
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Tables 

Table 6.0. CPU time in seconds for FE calculation SIGINI residual stress map-in 
technique. 

Residuýl ý Stress--> 
Crack type 

(a) 
new 

-(b--) 

ewe Ip 
-Tc-) 

cwht 
-Cd-) 

ewer 
(e) 
cw 

zero (0 rnm) 
2dzelse- P. S. 72 91 550 752 76 
2dzelec- P. E. 69 10 822 83 
very short (0.25 mm) 
2dvclsc P. S. 204 244 863 909 175 
2dvclec- P. E. 203 202 687 1136 123 
short (I nim) 
2dsclse- P. S. 200 232 857 979 110 
2dsclec- P. E. 197 191 675 1163 120 
medium (2 niiii) 
2dmclsc- P. S. 192 184 809 907 121 
2dmclec- P. E. 183 137 642 981 120 
long (3 mn 

,) 2dlclsc- P. S 112 160 823 892 141 
2dlclec---ý P. E. 160 130 640 922 123 
extra,. (4 inni) 
2deelsc- P. S. 114 175 841 942 150 
2declec- P. E. 166 164 670 1008 153 

zero (0 mm') 8371 -12738 V -2m4T --33-979 12636 

veryshort (0,25 mm) 28990 22338 83120 107621 24636 
3dvclsc- 
corner( IXI 111111) 9584 24207 56251 231258 18155 
3dvccsc- 
sbort 0 nim) 28941 25306 78939 124080 15478 

: )dsclsc 
comer (I xI mm) 12679 16883 61973 171967 21176 

-)dsccsc- 
med I iuni (2 mm) 30260 20750 74036 101537 18005 
3dinclsc- 
comer (-')x. -? 111111. ) 15632 22054 56634 148324 13925 

, 
3dmecsc- 
long (3 min) 29030 31658 78834 114820 31589 
3dlclsc- 
comer (3x-i 111111) 16109 16019 55293 136700 14813 
3dlccsc-- 
extra (4 mm) ý 23111 28410 81788 118639 32966 

-ideclsc-- 
corner (4A ni-in) 15728 16021 55556 123903 16446 

Crack type T (a) (b) (C) I ýCl) ýC) 
IICW' idual Stress4 cwcP Milt cwcr cw 
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Tables 

Table 6.1a. Veryshort cracks (c=0.25mm): 2D J FMPa mm] 9nd rijrn] for ncw. 

ýnn 
'*ý 

0.01 0.01 0.01 0.01 0.01 0.01 
0.40 0.38 6.07 0.05 0.05 0.07 
0.98 0.93 0.24 

- 
0.22 0.18 0.25 

1.87 1.67 6-64 U-. 5 -9 0.43 0.69 
5.50 4.12 3.89 2.70 1.65 3.23 

11.88 7.90 10.47 6.28 4.54 6.82 

I -- "I 
T TI T-N I --T-T') T--% 

0.01 0.006 
0.05 0.03 
0.18 0.05 
0.43 0.11 
1.65 0.29 
4.54 0.52 

3D 
-45 

U3D 
Y=90 

0.005 0.007 
0.03 0.03 
0.04 0.08 
0.09 0.15 
0.34 0.39 
0.65 0.69 

tat) leo. I D. Veryshort cracks (c=0.25mm): 2DJ[MPamml and Uoo [pm] for cwcp. 

14.33 MPa 
-- 

0 0 0 0 0 0 
ff-. 67 MPa 0 0 0 0 0.01 0 
107.5 MPa 0 0 0 0 0.03 0 
14ý-. TMPa 0.02 0.05 0.01 0.02 0.07 0.01 
ý15 0 MPa 0.72 0.77 0.13 0.16 0.27 0.12 
286.7 MPa 2.29 2.22 1.00 1.15 0.41 0.86 

0 0 

0 0.007 
0 0.016 

0.02 0.025 
0.08 0.05 
0.27 0.08 

00 

0.006 0.007 
0.016 0.017 
0.025 0.028 

0.06 0.07 
0.10 0.11 

Table 6.1e. Veryshort cracks (c=0.25mm): 2D J [MPa mm] and Uoo [ýtm] tor cw. 

P. S. P. E. P. S. P. E. entr mid ex-it y=O, yzz: ý45 y-90 
14.33 MPa 0 0 0 0 0 0 0 0 0 0 
71,67 MPa 0 0 0 0 0.02 0 0 0.01 0.01 0.01 

, 
107.5, MPa, 0 0 0 0 0.04 0 0 0.02 0.02 0.02 
143.3 l\Pa 0.0001 0.03 0.001 0.01 0.10 0.001 0.01 0.03 0.03 0.03 
215,0�MPa 1 15.0 0.42 0.61 

1 
0.08 0.13 f 0.31 0.06 0.05 

1 
0.06 0.07 

1 
0.08 

- J) -8 61.77 a 
ýu 

- 1.76 - 1.9 0.69 0 
-97 

1 0.43 1 0.61 1 0.24 0.08 0.11 
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Table 6.1c. Veryshort cracks (c=0,25mm): 2D J [MPa mm] and Uoo [ýtm] for cwht. 

Table 6.1d. Veryshort cracks (c=0.25mm): 2D J [MPa mm] and Uoo [ýtrnj for cwcr. 



Tables 

Table 6.2a. Short cracks (c=- I mm): 2D J [MPa mm] and Unn [um] for ncw. 
I 

0.04 
1.0 
2.2 
4.0 
9.8 

19.4 

0.03 
0.9 
2.0 
3.7 
8.4 

15.0 

0.05 
- 

0.05 
6.6 -0.5 
1.6 1.4 
3.4 
- 

2.8 
9 
-9 6.5 

18.3 12.1 

0.05 0.056 
0.42 0.56 

1.2 
- 

1.5 
T. T 3.1 
6.1 ! -. 3 

12.7 14.3 

0.05 '5 0.0 ý 
0.42 0.17 

1.2 0.48 
2.4 0.9 
6.1 2.4 

12.7 5.1 

0.035 0.05 
0.17 0.53 
0.5 1.2 
1.0 2.3 
3.4 5.9 
7.7 11.8 

rable 6.2b. ýShort cracks (c=lmm): 2D J [MPa mml and Uno 4trn] for cwct). 

Gapp'4/ P. E. P. S. RE , entr mid exit y:: --O y=45 1 Y=90 
14. '-')3, MPa 0 o o o o 0 0 0 0 0.01 
71.67 MPa 0 0 0 0 0.06 0 0 0.05 0 0.17 
107.5 MPa_ 0.07 0 0.1 0 0.17 0.05 0.03 0.12 0.04 0.54 
143.3 Wa 0.4 0.07 0.5 0.1 0.48 0.19 0.14 0.21 0.12 0.97 
215.0, MPa 3.0 1.6 2.7 1.0 1.44 1.69 0.82 0.69 0.58 1.79 
286.7 MPa 7.0 4.9 6.8 3.6 2.21 4.74 1.82 1.17 1.98 2.41 

Table 6.2c. Short cracks (c= I mm): 2DJ [MPa mm] and UOo [pm] for cwht. 

14.33 MPa 0 0 0 0 0 0 0 0 0 0 
1 . 67 MPa 0 0 0 0 0.06 0 0 0.06 0 0.02 

107.5 MPa 0 0 0 0 0.15 0 0 0.13 0.04 0.13 
143.3 MPA 0.01 0.05 0.1 0.07 0.46 0.09 0.04 0.24 0.12 0.39 
215.0 MPa 1.7 1.4 1.2 0.8 1.41 1.00 0.37 0.73 0.49 1.31 
286.7 MI Pa 7.0 4.6 4.7 3.4 2.20 3.78 1.41 1.23 1.64 2.08 

Table 6.2d. Short cracks (c= I mm): 2D J [MPa mm] and Uoo [[mij for cwcr. 

00 

00 

00 

0.004 0.004 
1.15 1.04 
4.31 3.76 

0 0 

0 0 

0 0 

0.01 0.01 
0.66 0.52 
3.44 2.85 

00 

0.08 0 
0.17 0 
0.50 0.001 
1.47 0.50 
2.16 2.85 

0 0 

0 0.07 
0 0.14 
0 0.28 

0.15 0.78 
0.88 1.28 

4'--) ý y7--VU 
00 

0 0.01 
0.06 0.12 
0.14 0.35 
0.59 1.27 
1.74 2.04 

Table 6.2e. Short cracks (c- I mm): 2D J [MPa mm] and Uoo [ýLm] tor cw. 

0 0 0 0 0 0 0 0 

0 0 0 0 0.06 0 0 0.06 
0 0 0 0 0.15 0 0 0.13 
0 0 0 0 0.4 0 0 0.24 

0.7 0.8 0.3 0.3 1.35 0.2 0.1 0.73 
3.2 3.3 2.7 2.5 2.1 2.2 0.6 1.23 

0 0 

0 0 

0.04 0.09 
0.12 0.24 
0.48 1.15 
1.53 1.94 
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Table 6.3a. Medium cracks (c=2mm): 2DJ [MPa mm] and U00 [pm] for ncw. 
position--> 
(Tapp 

J2D 
P. S. 

J2D 
P. E. 

U2D 
P. S. 

U2D 
P. E. 

U3D 
entr 

U3D 
mid 

U3D 
exit 

U3D 
y --0 

U3D 
y=45 

U3D 
Y=90, 

14.33 MPa 0.05 0.04 0.1 0.1 0.1 0.06 0.1 0.07 0.07 0.13 
71.67 MPa 1.3 1.2 1.0 0.8 0.76 0.68 0.76 0.37 0.38 1.25 
107.5 MPa 2.8 2.7 2.5 2.0 1.9 1.87 1.9 0.98 0.99 2.77 
143.3 MPa 5.2 4.8 4.9 3.8 3.6 3.8 3.6 1.84 1.91 4.76 
215.0 MPa 12.4 10.8 11.8 8.6 8.75 9.3 8.75 4.44 5.1 10.3 
286.7, MPa 24.0 19.4 23.3 15.7 17.9 18.7 17.9 8.48 10.4 18.1 

Table 6.3b. Medium cracks (c=2mrn): 2D J [MPa mmj and Uoo [ýtmj f'or cwcp. 
position--> 
c7a I 

pp\ý 

J2D 
P. S. 

J2D 
P. E. 

U2D 
P. S. 

U2D 
P. E. 

U3D 
entr 

U3D 
mid 

U3D 
exit 

U3D 
y=O, ", ', 

U3D 
y--45 

M-1 
yz; --90, ý 

14.33 MPa 0 0 0 0 0 0 0 0 0 0 
71.67 MPa 0 0 0 0 0.05 0 0 0.04 0 0.03 
107.5 MPa 0 0.002 0 0 0.19 0 0 0.17 0 0.96 
143.3 MPa 0.1 0.04 0.1 0.08 0.46 0.06 0 0.34 0.07 2.08 
215.0 MPa, 2.1 1.7 1.6 1.1 2.28 0.97 0.38 1.39 0.47 5.1 
286.7 MPa 8.6 5.8 7.4 4.5 4.57 4.89 2.27 3.01 2.22 7.99 

Table 6.3c- Medium cracks (c=2mm): 2D J [MPa mm] and Uoo [ýtm] for cwht. 
position--> 
gapp'ý' 

J2D 
P. S. 

J2D, 
P. E. 

U2D 
P. Sl., 

U2D 
P. E., 

, 

U3D 
entr 

U3D 
mid 

U3D 
exit 

U3D 
kli-O 

U3D 
AV=45ý, 

', U3D 
Y=-90,, ' 

14.33 MPa 0 0 0 0 0 0 0 0 0 0 
71.67 MPa 0 0 0 0 0.05 0 0 0.05 0 0 
107.5 MPa 0.006 0.003 0.005 0 0.19 0 0 0.18 0 0.17 
143 3.3 MPa 0.2 0.08 0.2 0.1 0.46 0.09 0 0.34 0.12 0.61 
215.0 MPa 2.3 1.9 1.9 1.3 2.29 1.17 0.37 1.42 0.60 3.00 
286.7 MPa 9.1 6.3 8.3 4.9 4.58 5.45 2.30 3.07 2.32 6.14 

Table 6.3d- Medium cracks (c=2mm): 2D J [MPa mm] and Uoo [ýtm] for cwcr. 
position--> 
(Tapp '1ý 

J2D 
P. S. 

J2D 
P. E. 

U2D 
P. S. 

U2D 
RE. 

U-33D 
"entr 

U3D 
mid 'T 

U3D 
exit 

U3D' 
lj=o 

U3D 
y1 =45 

U3D 
Y=90 

_14.33 
MPa, 0 0 0 0 0 0 0 0 0 0 

71.67 MPa 0.005 0 0 0 0.08 0 0 0.09 0 0 
107 5 MPa 0.02 0.01 0.04 0.01 0.24 0.02 0 0.22 0 0.02 
143.3 MPa 0.18 0.10 0.18 0.13 0.56 0.09 0 0.38 

F 
0.16 0.33 

215.0 MPa 2.33 1.98 2.03 1.38 2.51 1.23 0.26 1.59 0.74 2.22 
286.7 MPa 9.14 6.50 8.62 T 5.17 4.73 1 5.7T F 1.85 3.31 2.4ýj -2ý5 

Table 6.3e. Medium cracks (c=2mm): 2D J [MPa mm] and Uoo [Vm] fior cw. 
Position--> 
Gapp 

J21) 
P. S. 

J2D 
P. E., 

U2D 
P. 

U2D 
P. E. 

U3D 
entr 

U3D 
mid 

U3D 
exit 

U3 )D , 
y-O 

U3D' 
y=45 

U3D 
y=90 

14.33 MPa. 0 0 0 0 0 0 0 0 0 0 
71.67 MPa., 0.001 0 0 0 0.05 0 0 0.05 0 0 
IOT75 -MPa 0.01 0.006 0.02 0.004 0.19 0.005 0 0.18 0 0 

. 
143.3 MPa 0.07 0.04 0.1 0.07 0.39 0.05 0 0.30 0.11 0.22 
2 BS. 0 _Mp a 1.7 -1.6 1.4 1.1 2.20 0.81 0.13 1.42 0.55 1.78 

ý2ý86.7 
ýj ýa -8.1 5.7 7.5 4.5 4.54 4.77 1.33 3.10 2.13 4.73 
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Tables 

Table 6.4a. Long cracks (c=3mm): 2D J [MPa mm] nnd I[,,, Fi (ml f(-)r rickv 

I n. 

0.06 0.06 0.16 
1.5 1.4 1.3 
3.3 3.2 3.1 
6.1 5.7 5.9 

14.6 12.8 14.3 
28.7 23.1 28.6 

0.1 

2.6 
4.7 

10.5 
19.3 

D 

- - 

U3D 
n-Lid 

ý 
.l 5 -0.16 

1.02 1.21 
2.9 

4,6 5.3 
11.0 12.1 
22.9 24.1 

"I L4 I 

3D U3D 
Y=O 

0.15 0.1 
1.02 0.6 
2.5 1.6 
4.6 2.9 

11.0 6.8 
22.9 12.8_ 

0.1 0.2 
0.6 1.9 
1.4 4.0 
2.6 6.6 
6.5 13.7 

13.2 23.8 
.I able 6.4b. Long crack's (c=3mm): 2D J [MPa niml and U00 4tin] for cwcv- 

,, -,, app - ". I J- . -t-. %, 11LI II Ilu I-AIL y-u 41-yu 

14.33 MPa 0.0001 0.001 o o o o 0 0 0 0 
71.67 MPa 0.03 0.03 0.08 0.08 0.04 0.08 0 0.03 0 0.41 
107.5 MPa 0.16 0.15 0.2 0.2 0.25 0.23 0 0.22 0 1.07 
143.3 MPa 0.9 0.64 0.7 0.5 0.65 0.55 0.03 0.48 0.19 2.61 
215.0 MPa 5.0 4.0 5.0 3.4 3.3 3.89 1.00 2.29 1.02 6.85 
286.7 MPa 16.3 12.2 17.0 11.0 7.77 12.8 4.95 5.45 3.68 12.3 

Table 6.4c. Long cracks (c:: --3mni): 2D J [MPa mm] and Uoo [ýirn] for cwht. 

0.004 0.001 0.001 0 0 0.001 
0.07 0.04 0.1 0.1 0.04 0.14 
0.25 0.16 0.3 0.2 0.26 0.28 

1.1 0.7 0.8 0.5 0.68 0.71 
5.5 4.2 5.4 3.6 3.49 4.35 

16.9 12.5 17.5 11.1 7.93 13.3 

0 0 

0 0.04 
0 0.23 

0.08 0.5 
1.18 2.3 
5.29 5.5 

0 0 

0 0 
0.03 0 
0.3 0.75 
1.3 4.0 
4.1 9.0 

Table 6.4d. Long cracks (c=3mm): 2D J [MPa mm] and Uoq [[tm] for cwcr. 

14. '- )3 MPa, ý 0.02 0.01 0.01 0 0 0.02 0 0 0 0ý 
71.67 MPa 0.14 0.07 0.20 0.13 0.09 0.20 0 0.08 0 0 
107.5 MPa, 0.39 0.24 0.38 0.28 0.33 0.37 0.02 0.29 0.12 0 
143.3 MPa, ' 1.22 0.83 0.95 0.57 0.85 0.88 0.17 0.56 0.37 0.37 
215.0 

- 
5.65 4.41 5.70 3.86 3.68 4.68 1.51 2.57 1.58 2.79 

28-67 MPa 16.40 12.43 17.3 11.2 8.00 13.37 5.39 5.81 4.49 7.27 
Table 6.4e. Long cracks (c=3mm): 2D J [MPa mm] and Uoo [ýLrn] for ew. 

Gýpp ý/ 
, ", P. S, P. E. ' P. S. 

, 
P. E. entr , mid exit Y=O 

14.33 MPa 0.01 0.0031 0.01 0 0 0.01 
- 

0 0 
71.67 MPa 0.12 0.06 0.2 0.1 0.06 0.17 0 0.05 
107-5 MPa' 0.35 0.21 0.3 0.3 0.27 0.33 

- 
0 0.24 

_. 
ý43. ý -MPa 0.9 0.63 0.7 0.5 0.61 0.6 0.07 0.48 
215.0 MPa 

- 
4.9 4.0 -5.0 3.4 3.33 

- 
3.98 

- - 
0.93 2.28 

18-6.7 -MP a 1-6.2 12.2 17.3 11.1 7.91 1 3.2 3 4.97 5.52 

D 
45 

U3D,,, 
Y-90 

0 0 
0 0 

0.06 0 
0.28 0.18 
1.28 2.18 
4.0 6.4 
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Tables 

Table 6.5a. Extralong cracks (c=4mm): 2D. 1 IMPýi mml -. ind IT... Ii mil fnr nc-ý, vý 
position-* 
aappý'ý I 
14,33 WP- a 

J2D 
P. S. 

0.06 

J2D 
P. E. 

0.06 

U2D 
P. S. 

0.21 
- - 

U2--D 
P. E. 

0.20 
- 

-M-D 

entr 
0.20 

-U-3D 

mid 
0.21 

U3D 
exit, 

0.20 

Li J Uý -D 

Y=O 
0.17 

-U3--D 

y==45 
0.16 

U3D 
IV-90 

0.32 
7/1.67 MPa 1.76 1.64 ! 

.5 8 
- 

1 29 1-30 1.50 1.30 0.95 0.81 2.55 
1ýM 

; ýýKa 

- - - - 
3.90 3.71 3.73 3-09 -3.13 3.47 3.13 2.38 1.88 5.10 ý4 3 . 

3 MP a 7.14 6.57 6.95 5.56 5.72 6.30 5.72 4.36 3.35 8.32 
r)15.0 MPa 17.09 14.91 17.0 1-2.5 --1-390 14.70 13.90 10.00 8.21 17.15 
286.7 MPa 33.89 27.06 34.5 2T T 2 8.9 3 29.82 28.93 18.63 16.7 30.23 

i ame o.: m. txtraiong cracks (c=: 4mm): 2D J [MPa mml and Uno [ýtrnl for cwcp 
position--> 
(Tapp 

J'-' D 
P. S. 

J2D 
P. E. 

U2D 
P. S. 

U2D 
P. E., 

"D U) 
entr 

U3D 
mid 

U33 D 
exit 

U3D U3D '', 
y-45 

U3D 
Y=90 

0 MPa 0.01 0.02 0.05 
- - 

0.08 0 0.12 0 0 0 0 
14.33 MPa 0.03 0.04 6 

-I l 0.13 0 0.18 0 3e-4 0- -0 
71.67 MPa 0.32 0.34 0.42 

- 
0.43 

- 
0.22 0.48 0.04 0.26 0.08 0.41 

. 
107.5 MPa 0.90 0.79 F7 7 0.67 0.49 0.81 0.19 0.54 0.30 1.19 
143.3 ) MPa 2.65 2.22 2.44 

- - 
1.93 1.61 2.34 0.58 1.31 0.64 3.03 

215.0 MPa 9.85 8.11 i 0 .3 
-7.64 5.35 8.75 3.92 4.86 2.80 8.24 

286.7 MPa 24.5 19.3 27.2 19.1 9.97 21.93 10.03 10.89 7.64 15.54 
Table 6.5c. Extralong cracks (c=4nim): 2D J [MPa mm] and Uoo [pm] for cwht. 

Position-> 
Gapp 

J22D 
P. S. 

J2D 
P. E. 

U2D 
P. S. 

U2D 
P. E. 

U3D 
entr 

U3D 
mid 

U3D 
exit 

U3D 
Y=O 

U3 D 
y--45, 

U3D 
Y--90 

0 MPa 0.02 0.02 0.09 0.08 0 0.15 0 0 0 0 
14.313 MPa 0.05 0.04 0.16 0.14 0 0.22 0 1 e-4 0 0 
71.67 MPa 0.43 0.36 0.49 0.44 0.23 0.54 0.07 0.26 0.17 0 
107.5 MPa 1.03 0.82 0.87 0.68 0.53 0.95 0.23 0.55 0.38 0.17 
143.3 MPa 2.85 2.35 2.63 2.03 1.71 2.54 0.63 1.33 0.76 0.95 
215.0 X4Pa 10.19 8.32 10.59 7.75 5.44 9.02 4.09 4.90 3.14 5.09 
286.7, MPa 24.88 19.53 27.43 19.13 10.02 22.14 10.34 10.96 8.05 11.67 

Table 6.5d. Extralong cracks (c=4mm), 2D J [MPa mm] and Uoo [ýtrn] for cwcr. 
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Figure I. I. Radial stress a, and tangential stress cyoo at 0= 90' on (a) loaded non- 

cold expanded hole, (b) residual stresses from cold expansion and (c) loaded cold 

expanded hole. 

1/4 section of plate 

(Too IIPP 

201 

KU" H 



Figures Chypter 

600 
Metal with 

no hole 
500 

400 

cn 300 

200 

100 

Neat fit fastener in 
cold expanded hole 

Cold exparic 
op hole en 

Neat fit fastener in 

reamed hole (non-cold 

expanded) 0 L- 

103 10,105 106 

Cycles to Failure, Nf [cycles] 

107 

Figure 1.2. Fatigue failure (S-N) curve for 2024-T851 aluminium alloy from Priest 

(1997) and Metals Handbook (1987). 
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Figure 1.3. Residual stress relaxation in shot-peened steel cylinders 

at 400'C for different time exposure from Lillamand and Barralier (1996). 
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Figure 1.4. Demonstration of the generation of compressive residual stresses using 

tensile loading of a two-bar model. 
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Figure 1.6. Stress evolution using yield surface at the hole edge during cold 

expansion assuming plane stress and perfect plasticity. 

Figure 1.7. A partial section through the FTI split-sleeve cold expansion. 
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Figure 2.1. Analytical models for stress-strain behaviour. 
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Figure 2.2. Definition of Bauschinger effect factor (BEF). 
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Figure 2.3. Analytical tangential residual stresses around a cold expanded hole from 

Rich and Impellizzeri (1997) compared with finite element solutions from Pousard 

(1995). 
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Figure 2.4. Tangential residual stresses around a cold expanded hole using different 

analytical solutions. (From Poussard, 1995). 
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Figure 2.5. Residual stress predictions using two-dimensional models from Poussard 

(1995) for Al 2024: (a) radial and (b) tangential residual stress. 
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Figure 2.6. Residual stress predictions through-thickness using axisymmetric models 

in Al 2024 from Poussard (1995): (a) radial and (b) tangential residual stress. 
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Figure 2.7. Residual stress predictions with kinematic hardening for axisymmetric 

through-thickness and 2D models from Poussard (1995): (a) radial and (b) tangential 

residual stress. 
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Figure 2.8. Residual stress predictions through-thickness from Bernard et al. (1995): 

(a) One mandrel pulled and (b) Two mandrels pulled in both directions. 
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Figure 2.9. Defon-nation maps with steady state creep rates for pure aluminium from 

Ashby and Frost (1987) for grain sizes: (a) 10 ýtm and (b) I mm. 
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Figure 2.10. Basic strain accumulation creep curves for different loads at constant 
temperature. 
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Figure 2.11. Effect of prestrain at 20'C on creep behaviour of the aluminiurn RR5 8 

alloy for a torsional stress of 128 MPa and 150'C from Biscaya (197 1). 
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Figure 2.12. Typical fatigue crack growth behaviour in constant amplitude loading 
from Suresh (199 1). 
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Figure 2.13. Stress distribution ahead of crack tip from Anderson (1995). 
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Figure 2.14. Schematic fatigue crack growth improvement due to cold expansion on 

aluminium alloy Al 2024 from Priest (1997). 
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Figure 2.15. Schematic stress intensity factor calibration for a cold expanded hole 

from Grandt (1975). 
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Figure 4.4. FE snapshot and schematic 2D axisymmetric FE mesh used for simulation 

of mandrel pull through cold expansion. 
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