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Abstract

Accurate characterisation of residual stress represents a major challenge to the
engineering community. This is because it is difficult to validate the measurement and the
accuracy is doubtful. It is with this in mind that the current research program concerning
the characterisation of mechanically induced residual stresses was undertaken.
Specifically, the cold expansion of fastener holes and the shot peening treatment of
aerospace alloys, aluminium 7075 and titanium Ti-6Al-4V, are considered.

The objective of this study is to characterise residual stresses resulting from cold
working using three powerful techniques. These are: (i) theoretical using three
dimensional non-linear finite element modelling, (ii) semi-destructive using a modified
incremental hole drilling technique and (iii) nondestructive using a newly developed
guided wave method supplemented by traditional C-scan measurements.

The three dimensional finite element results of both simultaneous and sequential
cold expansion of two fastener holes revealed the importance of the separation distance,
the expansion level and the loading history upon the development and growth of the
plastic zone and unloading residual stresses. It further showed that the commonly adopted
two dimensional finite element models are inaccurate and incapable of predicting these
residual stresses. Similarly, the dynamic elasto-plastic finite element studies of shot peening
showed that the depth of the compressed layer, surface and sub-surface residual stresses are
significantly influenced by the shot characteristics. Furthermore, the results reveal that the
separation distance between two simultaneously impacting shots governs the plastic zone

development and its growth.
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In the semi-destructive incremental hole drilling technique, the accuracy of the
newly developed calibration coefficients and measurement techniques were verified with
a known stress field and the method was used to measure peening residual stresses.

Unlike traditional ultrasonic techniques, the newly proposed leaky Lamb wave
method is senmsitive to sub-surface and in-depth acousto-elastic changes, making it
suitable for the measurement of depth dependent residual stresses. A newly designed,
commissioned and automated leaky Lamb wave test facility was used to acquire the
frequency response of multi-layered systems and successfully applied to characterise shot

peened components.
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Notations

E - elastic modulus

H - strain-hardening coefficient

K.,K: -normal and tangential stiffnesses of contact element
u - displacement

€ - strain

€1, &, &3 - relaxed strains

(o} - stress

o - residual stress

'y - residual stress in the circumferential direction
[+ - von Mises equivalent stress

G, On - principal stresses

GCo - initial yield stress

- coefficient of friction

\% - Poisson’s ratio

Hole Drilling

B,C - hole drilling calibration coefficients
h - hole depth

Cold Hole Expansion Model

c - half-distance between adjacent holes
h, w,t - dimensions of plate
R - radius of hole



Shot Peening Model

a/b - shot aspect ratio
C - shot separation
R - radius of shot

v - shot velocity

W, H,B -dimensions of peened target

€eq - equivalent plastic strain
O'xx - transverse residual stress
a - incident angle for oblique shot impact

Leaky Lamb Wave
A,B - incident and reflected/transmitted conditions at the upper and lower

boundaries of the plate

Cj - elastic constants

h - thickness of plate

Kp. ks - wave numbers associated with P and S waves

MEFS - Modal Frequency Spacing

Q. Qs - quality factors to account for dissipation in material
S - frequency spacing between adjacent wave modes
Ve, Vi - velocity of P and S waves

z - depth measured from plate upper surface

A p - Lame constants

v,n - wave numbers in the z-direction for quasi P and SV waves
p - density

v.Q - potential functions

Two Ty Ty - cOmponents of stress for plane-stress condition

o - incident angle of ultrasonic beam with respect to surface normal

® - circular frequency
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Chapter 1 Introduction and Justification

Summary: In this chapter, we define the problem, justify the undertaking of the study
and outline the method of approach adopted in achieving the set objectives. Furthermore,

we provide a summary of the layout of the thesis.

1.1 Justification of the Study

Fatigue is undoubtedly the most prevalent mode of failure in engineering structures. The
consequence of failure of a primary load carrying component, e.g. in an airframe or
aeroengine, is usually catastrophic, often resulting in loss of life and hardware. The
designers of such critical mechanical systems are constantly faced with the challenge of
establishing the appropriate stress levels in these critical parts that will ensure their safe
operation under cyclic loading conditions.

At this stage, it is important to identify the pertinent parameters which influence
the fatigue behaviour of critical load bearing components/assemblies. These include: (i)
the externally applied load and its history, (ii) the geometrical features of the
component/assembly, (iii) the residual stress field present in the component, (iv) the
environment and (v) the strength and toughness of the material(s) selected. The
importance of these parameters is evident in providing guidelines for: (i) the selection of
the different geometrical features in existing and new designs, (ii) the life assessment of
engineering structures, (iii) the introduction of beneficial residual stresses in highly
stressed components, and (iv) the selection of appropriate materials.

In view of their importance to the mechanical integrity of engineering structures,

attention in this thesis is devoted to mechanically induced residual stresses. In particular,



this work examines the effect of cold hole expansion and shot peening upon the plastic
zone development and its growth as well as unloading residual stresses. The selection of
these two cold working techniques was motivated by their importance to the aerospace
industry, the lack of systematic studies and the interest of the sponsors in the work.

Residual stresses are introduced into components either intentionally by the use of
surface treatments, such as shot peening, or unintentionally by most metal forming, metal
cutting and fabrication processes, such as forging, rolling, milling and welding. These
processes introduce residual stresses as a result of inhomogeneous plastic deformation or
thermal treatment. Residual stresses have been found to profoundly affect the fatigue and
fracture behaviour of metallic components. For example, in the case of properly
performed shot peening treatment, the introduction of compressive residual stresses
results in improving the lifetime of the components considerably [1]. Conversely, the
introduction of thermal tensile residual stresses in the heat affected zone in weldments
may drastically reduce the service life of such components. Several investigators have
demonstrated that these residual stresses are not permanent, but tend to diminish as a
function of time, temperature, load history and metal removal in the form of either wear
or corrosion [2, 3].

Despite their importance, most design engineers do not account for the beneficial
effects of residual stresses in their design calculations, and use them merely to increase
the margin of safety of critical components. In cases where detrimental residual stresses
exist, designers use higher safety factors. Furthermore, a fracture mechanics approach to
design is becoming an essential analysis tool for damage tolerance calculations. In that
approach, both the applied and residual stress intensity factcrs are needed to determine
the fatigue fracture behaviour and the residual life in engineering structures. It is therefore
crucial to be able to characterise the residual stress field in engineering structures
consistently and accurately.

In addition, the performance of these structures is generally governed by the
interaction between innovative designs, advanced materials and beneficial surface
treatments. Considerable gains can be realised by the use of advanced materials together

with the application of appropriate surface treatments [4, 5].



1.2 Research Objectives

This thesis is devoted to the accurate characterisation of mechanically induced residual
stresses. Specifically, attention is devoted to the development and growth of the plastic
zone as well as unloading residual siresses using:
(i) non-linear three dimensional quasi-static finite element analysis,
(i) non-linear three dimensional dynamic finite element analysis
accounting for contact between the shot and the target,
(iii) a modified incremental hole drilling technique to obtain the high
in-depth stress gradients in the residual stress profile,
(iv) a newly developed leaky Lamb wave technique. This entailed the
design and commissioning of an automated guided wave facility

to acquire the frequency response of multi-layered systems and

relating the output to peening treatment.

1.3 Method of Approach
Fig. 1-1 shows a schematic of the approach adopted to achieve the above stated

objectives. This includes:
(i) finite element studies,

(ii) incremental hole drilling measurements, and

(iii) ultrasonic C-scan and a newly developed leaky Lamb wave inspection

method.

Given below is a brief summary of the above mentioned items.



< Validation ’
Characterisation of
Mechanically Induced Residual Stresses

Fig. 1-1 Schematic of method of approach.

1.3.1 Finite Element Studies

This section is divided into two main parts. The first is concerned with the quasi-static
simulation of the cold expansion of single and twin fastener holes using non-linear two
and three dimensional elasto-plastic finite element models which account for contact
between the mandrel and the target. The second is devoted to the dynamic three
dimensional non-linear elasto-plastic finite element analyses of the shot peening process.
The complexity of these systems is evident in the characterisation of the material
behaviour, the selection of the appropriate contact elements and the associated tangential
and nermal stiffnesses needed by the code, and the selection of the appropriate process

parameters and the necessary convergence tests.



13.2 Incremental Hole Drilling

The incremental hole drilling method was used for measuring peening residual stresses.
The non-uniformity of peening residual stresses was accommodated for by the use of
finite element analysis to evaluate the calibration constants. The calibration constants
were evaluated for a geometry that complies with existing commercial strain gauge

rosettes that were used in the study.

1.3.3 Ultrasonic Leaky Lamb Wave Method

The Jleaky Lamb wave method was used to characterise peening treatment
nondestructively. In this case, the transmitted wave is refracted as well as mode converted
to include guided waves which propagate parallel to the surface of the test component. As
a result of the destructive interference of the specularly reflected part and the guided
wave, minima are introduced to the amplitude spectrum of the reccived reflected signals.
The locations of these minima can be accurately measured and used to evaluate the plastic

zone and residual stress profile.

1.4 Layout of Thesis

This thesis is divided into six chapters in total. Following this brief introduction,
Chapter 2 provides a critical review of the relevant work in four main areas: modelling
of mechanically induced residual stresses, destructive measurements of residual stresses,
semi-destructive measurements, including the use of the incremental hole drilling and
nondestructive ultrasonic stress measurement techniques. Chapter 3 summarises the
main issues concerning the quasi-static modelling of the cold hole expansion process and
the dynamic simulation of the shot peening process using advanced finite element
modelling techniques. In addition, it discusses the modelling of residual stresses to
evaluate the effect on the leaky Lamb wave propagation modes. Chapter 4 describes the
experimental aspects of the work. It covers the modified hole-drilling technique,
instrumented cold hole expansion as well as ultrasonic analysis and the LLW method for
the characterisation of mechanically induced residual stresses. In Chapter § we discuss

and analyse the three methods used in characterising the mechanically induced residual



stresses: finite element modelling, incremental hole drilling and the ultrasonic leaky
Lamb wave method. Finally, in Chapter 6 we summarise the findings of this work,
identify the contribution of the thesis, and outline the need for related future research.



Chapter 2 Literature Review

Summary: This work is concerned with the evaluation of mechanically induced residual
stresses, primarily through cold work processes such as shot peening and cold hole
expansion. Accordingly, this literature review covers three main issues: The first deals
with cold expanded hole induced residual stresses, the second with shot peening induced
residual stresses, and the third with the characterisation of the residual stresses present in

engineering components.

2.1 Mechanically Induced Residual Stresses

Residual stresses are introduced into metallic components as a result of inhomogeneous
plastic deformation. These can arise either intentionally by the use of surface treatments
such as shot-peening or unintentionally by most metal forming, metal cutting and
fabrication processes such as forging, rolling, milling and welding. Residual stresses have
been found to profoundly affect the fatigue and fracture behaviour of metallic
components. For example, in the case of shot-peening, the introduction of compressive
residual stresses results in improving the lifetime of the components considerably [1].
Conversely, the introduction of thermal tensile residual stresses in weldments may
drastically reduce the service life of such components. Several investigators have
demonstrated that these residual stresses are not permanent, but tend to diminish as a
function of time, temperature, load history and metal removal in the form of either wear
or corrosion [2, 3j. It is therefore crucial to be able to characterise the residual stress field

in fabricated and treated machine components.



This literature review covers three main topics. The first deals with the analyticai,
numerical and experimental investigations of the stress field of interacting holes. The
second examines the shot peening process, its parameters and the techniques for
evaluating the quality of the treatment. The third deals with the state of the art in both
destructive and non-destructive techniques for evaluating mechanically induced residual

stresses.

2.2 Cold Hole Expansion

2.2.1  Stress Analysis of Interacting Holes

Since the pioneering work of Kirsch [6] of the single hole problem, much attention has
been devoted to the development of solutions for problems involving adjacent holes.
These solutions will enable the designer to assess the mechanical integrity of engineering
components by minimising the stress concentration associated with interacting holes and
by predicting the initiation site(s) of potential fatigue cracks. This section will focus on
the relevant analytical, numerical and experimental research work concerning the

behaviour of adjacent holes under load.

2.2.2  Analytical Investigations

The first attempt to solve the problem of two interacting holes in an infinite
medium was carried out by Jeffery [7] in 1920. This problem was an application of his
general solution of the two dimensional equations of elasticity in bipolar co-ordinates.
Jeffery also solved the problem of a circular disc with an eccentric circular hole and the
problem of a semi-infinite plate bounded by a straight edge and a circular hole. Later,
Mindlin [8, 9] corrected the solution of the latter problem. Mindlin found that as the hole
approaches the free edge, the tangential stress at the hole boundary close to the edge
(point n, Fig. 2-1) tends to infinity while the tangential stress in the diametrically opposite
point (p) becomes 4 for a uniaxial applied unit stress. On the other hand, the stress at the

corresponding point on the free edge (point m) varies from a value equal to the applied



stress when the hole is far away to zero when the hole approaches the boundary. These

theoretical results were also verified by Mindlin using photoelasticity.
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Fig. 2-1 Stress concentration factor at different locations for a hole close to a
boundary (after [9]).

In 1974, Yu and Sendeckyj [10] provided a solution to the problem of multiple
circular inclusions in an infinite matrix using the Schwartz alternating method. The
solution of the single inclusion was obtained using the complex potential method. In
1985, Horii and Nemat-Nasser [11] introduced the method of pseudo-tractions to
calculate the stress and strain fields in a linearly elastic homogeneous solid containing a
number of defects of arbitrary shape. However, the method was applied to cases
involving interacting circular holes and cracks. In the case of interacting holes, the
solution was obtained by superimposing the homogeneous subproblem to two
subproblems (Fig. 2-2), each consisting of an infinitely extended body with only one hole
and zero stresses at infinity. The radial and shear stresses applied to the hole boundary in
each subproblem are called pseudo-tractions and have to be determined from the
boundary conditions of the problem.

Meguid and Shen [12] developed a general solution describing the interaction
between a main hole and an arbitrarily located defense hole under uniaxial and biaxial
loading conditions. Their solution was based upon the complex potentials of

Muskhelishvili, an appropriate superposition procedure and the Laurent series expansion



method. They provided approximate closed form expressions for the stress field. They
concluded that both the location and the magnitude of the maximum tangential stress at
the main hole change for a different inclination of defense hole. In addition, Meguid and
Shen found that the largest stress concentration at the main hole occurs when the central

line of the two holes is inclined at 30° with respect to the applied load.

Fig. 2-2 Decomposition of an original problem into a homogeneous problem
and two subproblems (after [11]).

The problem of multiple void-crack interaction was treated by Hu et al. [13]. They
used a superposition technique to reduce the problem into a number of single-hole and
single-crack subproblems. Each hole subproblem was modelled using the method of
pseudo-tractions and each crack subproblem was modelled by a distribution of
dislocations. They developed an integral equation approach based on two types of

fundamental solutions, one due to point loads in a solid containing a hole and the other
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due to point dislocations in an infinite elastic body. The fundamental solution for a point
force acting on the hole boundary was developed earlier by Dundurs and Hetenyi [ 14, 15].

Finally, Kienzler and Zhuping [16] and Greenwood [17] developed new
techniques for treating a single circular hole under plane loading. However, they did not
consider the interaction between multiple holes and/or inhomogeneities.

The above review indicates that existing models which are concerned with
interacting holes, defects and inhomogeneities, require the use of fundamental solutions.
This makes them inflexible and incapable of treating arbitrarily shaped holes and/or
defects. It is, therefore, necessary to develop a model capable of treating generalised holes

and cracks.

2.2.3 Finite Element and Photoelastic Investigations

Most of the analytical work in this field is related to the stress distribution in the vicinity
of interacting holes in infinitely extended elastic bodies. Furthermore, in view of the
complex nature of the developed equations, the finite element method and photoelasticity
were adopted.

In 1978, Erickson and Riley [18] undertook a study using two dimensional
photoelasticity to determine the optimum size and location of defense holes for a number
of plates with different central hole diameter to plate width ratios. The defense hole
method was introduced by Heywood [19] in 1952. According to this method, smaller
holes are introduced on either side of the original hole to help smooth the flow of the
tensile principal-stress trajectories past the original hole. This leads to a reduced stress
concentration around the original hole. Erickson and Riley reported maximum stress
reductions from 13 to 21% for plates with hole diameter to plate width ratios between 0.1
to 0.6. They concluded that with such reductions in the maximum stress level, the
improvement in fatigue life of a part can be very significant.

Jindal [20] examined the effect of the hole geometry and the effect of defense
holes on the stress concentration around the main hole using both the finite element
method and two dimensional photoelasticity. It was found that by making the main hole

oblong in the direction of loading, the stress concentration factor at the hole decreased by
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up to 22%. Jindal concluded that this approach was more effective than the defense holes
approach, since the same reduction in stress concentration was achieved, whilst avoiding
the introduction of two more regions of higher stress concentration. Meguid [21]
considered the case of a rectangular plate with two main holes and three ways of
introducing defense holes. He pointed out the significance of the position and inclination
of the defense holes with respect to the main hole.

In 1993, Meguid and Gong [22] undertook comprehensive analytical, finite
element and photoelastic studies of the interaction between existing main holes and
arbitrarily located defense hole systems under uniaxial tension. Their analytical solution,
which was based on the complex potentials of Muskhelishvili, an appropriate
superposition procedure and the Laurent series expansion, was used to predict the
variation of the stress concentration for different defense hole configurations. They
concluded that the introduction of defense holes on either side of the original hole helps

to smooth the flow of maximum stress trajectories past the original hole.

2.24 Residual Stresses Due to Hole Expansion

Cold expansion of fastener holes has been used for over forty years in the aerospace
industry. It is a very efficient approach which results in extending the fatigue life of the
treated part without any weight penalty. Until recently, particularly for civil aircraft, the
technique was only applied to critical holes in highly loaded zones of the structure, such
as landing gears and engine mounting regions. In modemn aircraft, however, one may find
over a thousand cold expanded holes in the wing alone. The requirement of increasing
structural efficiency combined with a reduction in manufacturing costs has demanded a
closer study of the cold expansion process.

Cold hole expansion is usually conducted using an oversized ball or a mandrel.
The radial interference between the "rigid" ball or mandrel and the hole results in
inhomogeneous plastic deformation (Fig. 2-3). Upon unloading, the elastically stressed
regions away from the hole tend to fully recover, and as a result impose a compressive
residual stress field on the plastically deformed regions (Fig. 2-4). This highly localised

compressive field at or near the hole boundary is equilibrated by the development of a
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tensile residual stress field in the surrounding regions. These compressive residual
stresses are highly effective in preventing premature fatigue failure under conditions of

cyclic loading [23, 24].
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Fig. 2-3 Circumferential and radial stresses prior to unloading (after [24]).
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Fig. 2-4  Residual circumferential and radial stresses after unloading
(after [24]).

13



A major impediment to the use of ball or mandrel in the cold hole expansion of
fasteners is the surface damage introduced at the interface during the cold expansion
process. To overcome this difficulty, the split sleeve expansion, split mandrel expansion
and roller expansion methods have been developed. In the split sleeve method (Fig. 2-5) a
thin, dry lubricated sleeve is placed over the stem of the mandrel and is pushed into the
hole creating an interference fit. The mandrel is then drawn back through the split sleeve.
Aircraft holes commonly treated by this method range from S mm to over 40 mm in
diameter, with expansions between 2% and 6% depending on the material and
application. In the split mandrel method, the mandrel is pushed easily through the hole as
a result of the presence of a machined groove along its length. This method was
developed to replicate all the functions of the split sleeve technique and avoid the use of
the sleeve. Finally, the roller expansion technique consists of a set of specially shaped

rollers mounted in a rotary tool and inserted into the hole.

Fig. 2-5 Schematic of the split sleeve method.

Many analytical solutions have been developed to predict the residual stress
distribution surrounding cold worked holes. The complexity of these models, however,
depends upon the number of variables considered. The exact elasto-plastic solution of an
infinite plate containing a circular hole subject to uniform pressure for an ideally plastic

material was provided by Nadai [25] in 1950. Later, Hsu and Forman [26] obtained the
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residual stress field of an expanded hole, accounting for material hardening. Rich and
Impellizzeri [27] improved the model presented in [26] by assuming isotropic hardening
behaviour to account for compressive yielding on unloading. The solution under plane
stress and plane strain conditions of linear hardening materials was also given by
Jongebreur and Koning [28]. Recently, Wanlin [29] extended the solution of Hsu and
Forman [26] to account for plates with finite width.

Existing experimental and axisymmetric finite element investigations reveal that
highly non-uniform residual stresses are introduced by the cold expansion method [30-
34]. Link and Sanford [30] obtained the residual strain field surrounding a single split-
sleeve cold expanded hole in 6.35 mm thick 7075-T651 aluminium plates using moiré
interferometry. They concluded that two dimensional analysis is incapable of predicting
the residual strain field surrounding cold expanded holes. This may be due to the
geometrical and material non-linearities associated with the elasto-plastic contact
experienced by the fastener holes, as well as the complexity of the models needed to
describe the problem. Cook and Holdway [31] reached the same conclusion as Link and
Sanford [30] using the x-ray diffraction technique to measure the radial and hoop residual
stresses around cold expanded fastener holes in 7050-T76 alloy. Poussard et al. [32] also
used x-ray diffraction and two dimensional and axisymmetric finite element analyses to
evaluate the residual stress field around a cold expanded hole in 2024-T351 alloy.
Recently, an axisymmetric analysis of the cold expansion process, accounting for contact
between the mandrel and the hole surface was conducted by Forgues et al. [33] and
Bernard et al. [34].

Table 2-1 shows the reported life improvement due to cold hole expansion in
airframe aluminium alloys. For commercial applications, the hole expansion is typically
between 2% and 6%, depending on the material and the desired residual stress field. It
can be seen in Table 2-1 that depending on the treated materials, hole expansion levels
and loading conditions, the fatigue life improvement factor (LIF), defined as the ratio of
the fatigue life of the treated hole to that of the untreated hole, ranges from 2 to 20. It has

been shown in that larger amounts of coldwork reduce the initiation life of fatigue cracks
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Material Loading Conditions Expansion | LIF*
7075-T7451 Constant Amplitude 5 % 5
(Cmax =207 MPa, R=0.1)
7075-T651 Constant Amplitude 6 % 20
(Omax = 262 MPa, R= 0.05)
7075-T7531 Constant Amplitude 28 % 2
(Cmax = 80 MPa, R=0.1)
7075-T7351 Fighter aircraft spectrum 4.7 % 4
(Cmax = 207 MPa)
7075-T6 Constant Amplitude 3.6 % 5
(Cmax = 207 MPa, R=0.1)
7075-T73 Commuter aircraft loading 3.5 % 10
spectrum
7075-T6 Transport aircraft spectrum 4 % 12
(Omax = 127 MPa)
7075-T651 Constant Amplitude 5 % 14
(Cmax = 262 MPa, R= 0.05)
7079T6 Commuter aircraft loading 3.5 % 10
spectrum

* LIF = Fatigue life of treated hole / Fatigue life of untreated hole

Table 2-1 Life improvement due to cold hole expansion (after [24])

due to damage at the hole edge [35]. Therefore, an optimum level of hole expansion has
to be found for each material, loading condition and hole geometry.

Extensive search of the literature indicates that no significant attempt has been
made to model the cold expansion of adjacent holes. Papanikos [36] has devoted efforts
to the two dimensional analysis of the adjacent cold hole expansion process, with an
interest in the fatigue fracture behaviour in the presence of residual stresses. He also
treated the three dimensional cold hole expansion of a single hole and outlined the
variation of the stress field through the thickness of the expanded hole. In this work,

however, we focus our attention to the three dimensional analysis of two expanded holes.
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Of particular interest is the influence of sequential and simultaneous expansion upon the
mechanically induced residual stress field. The importance of examining three
dimensionally the effect of separation distance, size and orientation of adjacent fastener

holes is apparent in the damage tolerant design of airframes.

2.2.5 Cold Hole Expansion Parameters

This section reviews the various parameters that influence the residual stress field due to
the expansion of an open hole and, therefore, the effectiveness of the process. These

include process, geometrical, material and loading parameters.

Process Parameters

One of the major process parameters is the hole expansion level. As mentioned earlier,
the optimum expansion level should be established for each material, loading and
geometry. Another important parameter is the surface upsetting or part thickening which
is inherent in the hole expansion process. This out-of-plane displacement occurs at both
the entrance and exit sides of the hole and is always greater at the exit side (lip
formation). This results in a non-uniform residual stress field throughout the thickness of
the component, with greater values of compressive residual stresses at the exit side. Fig.
2-6 shows the fatigue fracture surfaces of two identical specimens which contain (a) an
untreated hole and (b) a cold expanded hole. The figure indicates that for the untreated
hole, the fatigue crack growth is the same on both sides of the specimen, resulting in a
uniform crack profile. On the other hand, hole expansion leads to the introduction of a
non-uniform residual stress field which results in a non-uniform crack profile. Subsequent
reaming of the cold worked hole will also influence the effectiveness of the expansion

process.
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Geometrical Parameters

Geometrical parameters include the sequence of cold working, hole depth, hole surface
finish prior to expansion, hole straightness, bellmouthing, barrelling, ovality and
expansion levels for multi-hole patterns. The influence of the hole geometry before and
after expansion on the residual stress field are of particular interest to this thesis and are
discussed in detail in Chapter S. Details of the above mentioned parameters and their
influence on the performance of the cold worked part can be found in references [23] and

[24].

(b)

Fig. 2-6  Fatigue crack growth of (a) untreated hole and (b) cold expanded
hole (after [24]).
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Material and Loading Parameters

The applied stress level and the material of the component constitute two other important
parameters influencing the residual stress field before and during fatigue crack growth.
The results in Table 2-1 clearly demonstrate the importance of these parameters on the
effectiveness of the hole expansion process. It was shown that a high level of applied
stress can lead to the relaxation of the compressive residual stresses and, hence, reduce
dramatically the life of the component [23, 24]. The effect of these parameters upon the
residual stress field resulting from the cold expansion of adjacent holes is described in

Chapter S.
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2.3  Shot Peening

2.3.1 Shot Peening for Improved Fatigue Resistance

Shot peening is a cold working process used to improve the fatigue life of metallic
components. The result is accomplished by bombarding the critical surfaces of the
component with small spherical shots made of cast high carbon steel, conditioned cut-
wire or ceramic shot at relatively high impinging velocities (70-100 m/s). During
impingement, a plastic indentation surrounded by a elasto-plastic zone is formed, as
shown in Fig. 2-8. After contact between the shots and the target is ceased, the elastically
stressed region tends to recover to the fully unloaded state, while the plastically deformed
region sustains some permanent deformation. This inhomogeneous elasto-plastic
deformation results in the development of a compressive residual stress field in the
uppermost layers. To maintain equilibrium in the peened component, a tensile residual
stress field is developed through the depth of the component. The mechanically induced
surface compressive residual stresses have been found to be highly effective in enhancing
the fatigue resistance of highly stressed engineering components.

The primary justification for shot peening treatment lies in the fact that its use
improves the fatigue, fretting fatigue and stress corrosion cracking resistance and allows
engineering components to be employed at relatively high stress levels under cyclic
loading and/or aggressive environments. In the case of the aerospace industry, this means
a reduction in structural weight for a specified reliability level. Typically, turbine and
compressor discs and associated blades, propeller and harmonic drives, main rotor
spindles and main and nose landing gear components such as bogie beams, wheels, struts
and a large number of airframe components are currently being peened. In automotive
applications, it means that relatively small low cost components can be upgraded for
conservative use at stress levels that would represent poor practice without the treatment.
Springs, gears of all types and shapes, connecting rods, cam shafts, crank shafts and

torsion bars are examples of components that can be upgraded without the use of costly
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alloys or increased sections. The ability to upgrade the mechanical properties of a
component by shot peening offers obvious opportunities in the correction of undersized

components, when, e.g., fatigue failure occurs after a product is standardised or in field

service.
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Fig. 2-7 Shot peening of components (a) peening of aircraft bogie using
nozzle type machine, (b) wheel peening of coil springs using wheel
type machine and (c) robotically controlled peening.
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Fig.2-8  Mechanics of shot peening.

2.3.2 Shot Peening Parameters

The effectiveness of shot peening depends to a large measure on the peening intensity and
the peening coverage. Peening intensity is a measure of the consistency of the treatment
and of the plastic dissipation of the impinging shots. Peening coverage, on the other hand,
i1s measured in terms of the ratio of the area covered by peening indentations to the
exposed area. These parameters depend on numerous variables, including: workpiece
characteristics, shot characteristics, flow conditions, jet obliquity, stand-off distance and
exposure time. Details concerning these variables and the technique can be found in [37-
44).
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Measurement of Peening Intensity

Peening intensity is measured by means of Almen test strips, as described in SAE J442
and J443. Three types of strips, designated N, A and C, are used to assess the peening
intensity. All strips are nominally 0.75 inch wide and 3 inches long with the following
thicknesses: 0.031, 0.051 and 0.094 inch corresponding to N, A and C, respectively. They
are made of cold-rolled spring steel which is hardened and heat set between flat plates for
2 hours at 430°C to obtain a hardness of 44 to SO R¢ for A and C strips and 72 to 76 Rg
for N strips. The Almen test strip is held flat in a holder during exposure to the jet stream.
The difference in residual stresses between the peened surface and the bulk of the strip
produces a curvature. An Almen gauge is used to measure the arc-height at the middle of
the strip over a standardised length of 1.25 inches. It is worth mentioning that this
curvature is an accurnulative measure of the effect of the peening parameters. The A and
C strips are commonly used when peening high strength alloys with metallic shot and the
N strip is usually used when peening delicate components with glass beads or ceramic
shot. The standard method for designating peening intensity is to give the arc-height in
thousands of an inch followed by a letter indicating the strip type, for example, 12A.

The peening intensity is determined from a “saturation curve". To develop a
proper saturation curve, the following standardised steps must be adhered to. A series of
Almen strips are peened for various exposure times under specific peening conditions.
Measuring the arc-heights and plotting these values versus exposure time yields a curve
similar to that shown in Fig. 2-9. This figure suggests that during the early stages of the
peening process, a rapid rate of arc-height generation develops with increasing time, and
this is not maintained. The decline in the rate of arc-height generation is attributed to the
target exposed surface being progressively subjected to highly localised deformations,
and thus as the exposure time increases the target surface layers become harder. Point ‘x’,
where the curve tends to flatten out, represents the characteristic peening intensity for the
specific peening condition employed. Obviously, peening for periods fonger than the time
period represented by point ‘x’ will have only a limited effect. The time taken to reach
point ‘x’ is known as the saturation time, provided that doubling this time does not

increase the arc-height by more than 5 %.
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Fig. 2-9 Saturation curve showing relationship between arc height and
exposure time.

Saturation curves can reveal a great deal about the suitability of given peening
conditions for a particular application. Different peening conditions can be expected to
produce different saturation curves. For example, if the peening intensity represented by
point ‘x’ in Fig. 2-9 is lower than desired, it can be increased by increasing the shot
velocity or shot size. If the characteristic intensity is too high, it may be decreased by
decreasing the shot velocity or the shot size or both. After adjusting the peening
conditions, a new series of Almen strips should again be exposed to the jet stream to

determine the characteristic intensity under new conditions.

Peening Coverage

In order to understand what is meant by the term coverage, let us consider the following.
Suppose in a peening process a target surface area A is exposed to the jet. Let the area
produced by each particle striking the surface be S. Thus, even if the number of shots
impinging on the target surface is A/S, the whole target area would not necessarily be
covered by indentations. This is due to the nature of the process; some parts of the target
surface will be struck by a shot more than once and others may escape. The ratio between
the area of indentation produced by the shots § to the total exposed surface area to be

covered by the shots A is the coverage.
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In addition to establishing conditions for the characteristic peening intensity, one
must determine the extent of coverage to be achieved in a given time under given peening
conditions. This must be accomplished using the actual component.

In practice, the process users resort to the use of 5X and 10X magnifying glass
and/or Dyescan tracers [45]. These techniques are subjective rather than objective, since
they depend entirely upon the judgement and experience of the engineer performing the
treatment. More recently, two reliable techniques to enable the accurate determination of
peening coverage have been proposed by Meguid [46].

In the first technique, three dimensional surface roughness measurements were
used to correlate peening coverage to surface conditions. In this case, the surface is
mapped by making a number of closely spaced profile traces using a stylus-type
instrument. Such a technique, however, requires large data handling capabilities, now
readily available using computers, enabling the surface zone of interest to be scanned and
a three dimensional surface description to be produced. Fig. 2-10 and Fig. 2-11 show
typical isometric plots of peened surfaces and their contour representations for two
different peening coverages, respectively.

In the second technique, coverage measurements are made using an image and
area analyzer with television-type scanners. In this case, the image of the peened surface
is formed on the t.v. scanner by an optical microscope, and a video signal is produced.
After a number of image enhancing processes are performed on the signal, the peening
coverage is obtained from the image contrast between peened and unpeened areas [46].

It is worth noting, however, that under certain circumstances, e.g. in the peening
of complex geometries, it is difficult not only to achieve but also to monitor complete
coverage. The presence of unpeened areas in a peened component may represent a
problem to the designer, especially if the implications of incomplete coverage are not well
understood. Research work related to the effect of partial coverage upon the fatigue
performance of metallic components is very limited [46] and further investigations in this

area are required {47, 48].
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Fig. 2-10  (a) Isometric view and (b) contour representation of a peened area
with 35% coverage, after Meguid [46].

26



RS
.J) AN =P
)?" (.5 ;.qﬁc’
okob WS o .

.‘.

Y-AXIS
LT3 Al

&

R
) s ¢
T

&
.4/

}
Y

ey

A

5
i

A
.

e 3

2

Lomis e g

D N p 17 8 oq 7 OO0 Sy
0.6 S Ei )‘1 - SRR i ps B ER ac an D |
0.90 0.3 1.00 1.50 2.00 2.% 3.00 3.s50 .00

)]

Fig. 2-11 (a) Isometric view and (b) contour representation of a fully peened
area, after Meguid [46].
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2.4 Characterisation of Mechanically Induced Residual Stress

Many models have been developed to predict or estimate the elastic and residual stress
field resulting from features and operations which induce plastic deformation. In order to
assess the validity of any technique or model, it must be evaluated against how well it
reflects the stress field in the actual components it purports to model. The actual stresses
in the component must be characterised, for which there exist a variety of techniques,
both destructive and nondestructive, with varying levels of accuracy and capability.
Existing applied and residual stress measurement techniques include: dissection method,
hole-drilling, eddy current, Barkhausen, x-ray diffraction, neutron diffraction, ultrasonic
technique and optical and thermal emission methods. The description, merits and
limitations of these measurement techniques can be found in the review papers by Rund
[49], Shackelford and Brown [50], and Meguid [51]. A brief synopsis is provided in the

following section.

24.1 Destructive Techniques

Destructive or quasi-destructive techniques for measuring applied and residual stresses
include: (i) the dissection method, (ii) x-ray diffraction and (iii) the hole drilling
technique. In the dissection method, the change in shape of a component when a
residually stressed layer of a material is removed is used to characterise the residual stress
in that layer. As such, it is applicable only to thin components which exhibit measurable
changes in curvature. In view of its limited accuracy and resolution, this technique is
generally used to determine trends rather than actual field distribution. In the x-ray
diffraction method, the angle of diffraction of the rays is related to the interlattice spacing
of the different atomic planes. The residual stress field is then measured to a depth of
20 um using the change in the spacing as a result of deformation. In order to determine
stresses at greater depths, progressive layer removal, through careful machining or
electro-polishing, is required. This introduces numerous difficulties with the technique.

Of particular interest to this study is the hole-drilling technique.
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The Hole Drilling Technique

The hole-driiling technique [52] is based on the fact that when a hole is introduced in a
component containing residual stress field, the stresses at the location of the hole are
relaxed. The elimination of these stresses at the hole surface changes the stress
distribution in the the surrounding region, causing the local strains to change accordingly.
By recording the relieved strains around the hole, the residual stresses in the material can
be obtained using special calibration constants [53]. The relieved strains €;, £; and &3
measured by a special strain gauge rosette typically (062RK or 031RE) are used to

calculate the principal stresses, such that:
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where o} and oy are the principal residual stresses, €, €; and €; are the relaxed strains
recorded and B and C are calibration coefficients. For residual stresses which are uniform
with depth, the surface strains around the hole are fully relieved when the depth of the
hole is equal to its diameter [52]. It is for this reason that residual stresses are often
determined at a hole depth equal to hole diameter using calibration constants determined
at full-hole depth in a uniform stress field [54, 55]. Although the calibration constants are
available for a range of hole depths [53], these cannot be used to compute non-uniform
stress distributions, such as those encountered in shot peening.

A number of methods have been proposed for measuring non-uniform residual
stresses using the hole-drilling technique. These are the incremental strain [56, 57], the
average stress [58], the power series [55] and the integral methods [59, 60, 61]. An
extensive assessment of these techniques revealed that the integral method is the most
fundamental and most suitable for accurately determining highly varying stress fields

[62]. The approach adopts the finite element method to evaluate the calibration constants
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and thus relate non-uniform stress distributions to the relaxed strains associated with the
incremental drilling of the hole.

Although a few studies reported the use of the integral method [59, 60}, the results
associated with the finite element calibration were not given. The only non-uniform
calibration coefficients found in the literature are those given by Schajer [61]. Application
of the available technique is unsuitable, as the smallest increments developed are several
times larger than the depths of interest. In order to extend the technique for the large
gradients and shallow depths addressed in this study, work was needed in five areas:
refinement of the inversion increments, accurate determination of the initial contact with
the workpiece, filtering of noise in the recorded signal, data collection and management,

and the verification of the enhanced technique.

2.4.2 Nondestructive Techniques

Nondestructive methods for residual stress measurement include electromagnetic, nuclear
and acoustic based techniques. Electromagnetically-based nondestructive techniques
include eddy current and Barkhausen noise measurement. The eddy current technique
employs a wire coil in close proximity to the component being tested. The induced eddy
current changes due to material variations (plasticity, stress and chemical composition),
which in turn affects the measured coil impedance. These changes can then be used to
characterise the residual stress state of the component. The technique is sensitive to
microstructural variations and is limited to ferromagnetic materials [63].

The Barkhausen noise technique, on the other hand, hinges on the discontinuous
magnetization of a component subjected to a varying magnetic field. Due to the
polycrystaline nature of metals, the induced magnetic field changes in a step-like manner.
These steps are generally proportional to the composition, microstructure, temperature,
and the induced stress in the material. A correlation can then be determined between the
stresses in the material and the Barkhausen noise level. The disadvantages of this
technique are: (i) sensitivity to microstructural variations, (ii) limited stress range

measurement and (iii) only a thin surface layer can be measured [64].
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Similar to x-ray diffraction, neutron diffraction can be used to examine the
applied or residual stress profiles within a material. The diffraction angle of the rays is
related to the interlattice spacing of the different atomic planes. Under suitable
conditions, profiles up to several centimeters in depth can be evaluated. However, the
technique requires large capital costs and has considerable potential hazards as the
neutron source is a nuclear reactor.

In view of its deeper penetration, absence of potentially hazardous operating
conditions, relatively low capital cost and the associated acoustoelastic effects, research
efforts have been made to measure stress ultrasonically. Numerous techniques have been
employed. These include longitudinal bulk waves, shear bulk waves, birefringent shear
waves, surface skimming waves and wave harmonics.

The longitudinal wave technique measures the change in speed of a longitudinal
wave travelling perpendicular to the plane of stress [65, 66]. The change of flight time is
measured through several techniques, such as pulse-echo overlap, ultrasonic sing-around,
pulse repetition and pulse interval measurement. A similar technique has been developed
employing shear waves. The shear waves are generated when a water coupled
longitudinal wave strikes the specimen between the longitudinal and shear critical angles
of the material [67]. The oblique path travelled by the shear waves limits the usefulness
of this technique to thin sections. A third technique is based on the birefringence of the
acoustic shear wave in a stress field [68]. In this case, ultrasonic shear waves transmitted
perpendicularly across the stress field develop a phase shift proportional to the difference
in principal stresses. All of these techniques have generally been applied to specimens
assuming a constant through thickness stress. Depth varying stress can only be measured
if there is access to a surface perpendicular to the plane containing the stress variation.
Stresses near the surface cannot be measured due to edge-scattering of the wave [65].

Surface or surface skimming wave techniques have been developed in an attempt
to measure near surface stress gradients. Examples of these techniques include the work
of Hirao [69] who investigated the use of Rayleigh waves and Bray et al. [70] who
employed critically refracted longitudinal waves. Both of these techniques result in a

change in the wave velocity due to the averaged stress over the depth of penetration. In
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this case, the penetration depth is governed by the wavelength or frequency of the
propagated wave. Both of these works employed contact transducers.

Wave harmonics have also been used to examine the stress at a point [71]. The
principle of measurement in this case relies on the premise that when two beams, either
longitudinal or shear waves, intersect at an angle a third beam will emerge from the
intersecting point when a resonant condition occurs. The amplitude of the resulting beam
has been found to be a function of the applied stress [71]. However, prior knowledge of

the material variation is required to be able to focus the beam at the appropriate position.

Leaky Lamb Wave

In spite of the limited success in determining the applied stress field, ultrasonic
techniques continue to hold great promise. Specifically, it is postulated that guided waves
(leaky Lamb waves) can successfully be used to determine the residual stress field in
engineering components. The reasons for this are outlined below.

The leaky Lamb wave (LLW) method provides richer information and better
diagnosis of the in-depth changes of wave speeds in the material than body-wave and
surface-wave methods [72-75]. In the LLW method, a transducer insonifies a small area
of the immersed test component at an oblique angle. The wave is refracted as well as
mode converted to include guided waves which propagate parallel to the surface of the
test component. To maximize the guided wave interaction with the specular reflection,
the emitting and receiving transducers must be at equal angles and their height above the
test component must be carefully adjusted to generate a null zone in the recorded signals.
As a result of the destructive interference of the specularly reflected part and the guided
wave, minima are introduced to the amplitude spectrum of the received reflected signals
(Fig. 2-12). The locations of the minima in the frequency domain are used in the LLW
method to quantify the wave speeds of the test sample. These minima can be precisely
located and are sensitive to subsurface and in-depth acoustoelastic changes [74, 75]. The
profile of the wave speeds in the test component can then be obtained through inversion
of the measured data by using the leaky Lamb wave theory. The non-contact nature of the
LLW method allows for a thorough scan of the sample and the acquisition of the Lamb

modes at desired locations.
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Chapter 3 Finite Element Modelling of Mechanically
Induced Residual Stresses

Summary: In this chapter, two non-linear finite element models are developed. The first,
which is quasi-static, simulates the cold expansion of two fastener holes, while the
second, which is dynamic, is devoted to the modelling of the shot peening process. Both
models were carried out using the commercial finite element code ANSYS. In these
models, material and geometrical non-linearities, contact and load history were carefully
considered in determining the plastic zone development, its growth and the resulting
unloading residual stresses. The FE models were then validated using an extensive test
program detailed in the following chapter. This chapter also treats the modelling of the
leaky Lamb wave and the effect of a varying stress profile upon the dispersion modes of a

tested component.

3.1 Mechanically Induced Residual Stresses

Mechanically induced residual stresses develop in metallic materials as a result of
inhomogeneous plastic deformation followed by unloading. In the following sections, two
examples are considered: cold expansion of two fastener holes in close proximity and
shot peening of metallic targets. These cold working treatments are generally
characterised by inhomogeneous plastic deformation, contact stresses, loading history
dependence, strain rate effects and interaction effects. It is with this in mind that we
examined the above mentioned techniques.

In the following sections, we summarise the approach adopted in developing the

quasi-static finite element model used to simulate the cold expansion process and the
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dynamic model of the shot peening process. In both cases, the model was treated using
three dimensional elements and accounted for the main parameters that influence the

resulting plastic zone and residual stresses.

3.2 Cold Hole Expansion

As indicated earlier, residual stresses resulting from the inhomogeneous plastic
deformation of cold worked fastener holes extend the fatigue life of the hole. It is the
purpose of this section to employ the finite element method to characterise the
mechanically induced residual stress field. Existing work in this area has concentrated on
a single hole model, where the residual stress field can be obtained from simple analytical
and/or numerical two dimensional analyses. The most recents efforts to address this
problem were carried out by Papanikos [36]. However, his work was devoted to fatigue
crack growth and primarily examined two dimensional analyses. The importance of
examining the effect of separation distance, size and orientation of adjacent fastener holes
on the three dimensional residual stress field is apparent for the damage tolerant design of
airframes. This chapter addresses these issues using three dimensional elasto-plastic finite
element analysis of cold worked holes made from aluminium 7075-T651. However, for
the sake of comparison with the three dimensional solution, as well as completeness of
the work, some attention was devoted to two dimensional analysis. This allowed the
establishment of baseline values for the field variables. Throughout this work, the

ANSYS finite element code was utilised.

3.2.1 Two Dimensional Finite Element Model

A plane stress finite element model was conducted, along the lines proposed by
Papanikos, using a plate containing two holes each of radius R with a centre distance 2c
between the holes, as shown in Fig. 3-1(a). The dimensions of the plate were: width
w=40R and height h=40R. These dimensions were determined carefully, so as to avoid the
effect of the boundary on the results. In view of symmetry, only one quarter of the plate
was discretised. Six-noded triangular elements were used. A higher density mesh was

used in the neighbourhood of the hole to capture the large stress variation in that region.
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A number of convergence runs were conducted using different discretised geometries. As
a compromise, the mesh provided in Fig. 3-1(b) was selected for the two dimensional
analysis. The expansion level was imposed by applying a radial displacement at the hole
boundaries. This assumes a rigid mandrel configuration. The mechanical properties of the

target material are provided in Table 3-1.

Fig. 3-1 Cold expansion of two adjacent holes: (a) schematic of geometry
used, and (b) finite element mesh.
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Attention was then devoted to the case where the expansion was conducted
sequentially. Fig. 3-2 shows the discretised mesh for the geometry. In this case, an

alternate expansion of 4% was applied to each of the holes.

Property Value
Young’s Modulus, E [GPa] 72.32
Poisson’s Ratio, v [-] 0.32
Initial Yield Stress, 6o [MPa]) 506
Strain Hardening Coefficient, 360
H [MPa] (0.5% E)

Table 3-1 Material properties of hole expansion model.

Fig. 3-2 Finite element mesh used for the sequential expansion
of the two holes.

3.2.2 Three Dimensional FE Model of Two Adjacent Holes

Unlike the earlier work of Papanikos on a single expanded hole [36], the current thesis
examines the elastoplastic behaviour of a plate containing two holes each of radius R with
a centre distance ¢ between the holes, as shown in Fig. 3-3(a). The dimensions of the
plate were: width w=2c+12R, height h=12R and thickness #=1.2R. These dimensions were

determined carefully so as to avoid the effect of the boundary. The results presented were
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(b)

Fig. 3-3  Cold expansion of two adjacent holes: (a) schematic of geometry
used, and (b) 3D finite element mesh.

obtained for R=2.5 mm. In view of symmetry, only one quarter of the plate was
discretised. Twenty-noded hexahedral elements were used in the neighbourhood of the
mandrel to capture the large stress variation in that region. The remaining region of the
plate was conveniently discretised using ten-noded tetrahedral elements. A number of
convergence runs were conducted using different discretised geometries and the mesh

provided ir Fig. 3-3(b) was selected for the investigation.
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The interface between the mandrel and the hole surface was modelled using
contact elements. The three dimensional contact element used, depicted in Fig. 3-4,
adopts a contact node-target segment approach in conjunction with the penalty function

method. Elastic Coulomb's friction with a coefficient of friction u=0.15 was used.

Contact Node

X Target Surface

Fig. 3-4 Schematic of three dimensional contact element used.

A major problem in the implementation of contact elements is the assignment of
values to the normal (K,) and tangential (K;) stiffnesses, which govern the convergence
and accuracy of the solution. The values of K, and K, are required to be very large.
However, the use of excessively high values of K, and K, results in ill-conditioned global
stiffness matrices, leading to numerical errors and divergence. On the other hand, the use
of smaller values of K, and K, results in convergence to the wrong solution allowing for
large interpenetration and incorrect estimates of the stick and slip regions. In the current
study, the appropriate values of the normal and tangential stiffnesses were selected from
convergence tests, where only minimal interpenetration was allowed. As a result of
numerous test runs, the following values of K, and K, were selected: 10'? and 10® N/m,

respectively.

Validation of Three Dimensional Finite Element Model

A model specifically tailored to the instrumented plate (detailed in section 4.2) was

developed as part of the verification of the finite element results. The model of the
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sequential expansions of adjacent holes, accounting for friction, was then compared to the
actual test data of the expansion process. The details of the model are provided in Fig. 3-5
and Fig. 3-6. Due the interaction between the materials and lubricants in the interference
fit of the expanded holes during the expansion process, it was difficult to assess the
appropriate coefficient of friction. Guidelines indicated that the value could fall between
0.03 and 0.45 for the steel mandrel through an aluminium plate [76]. In order to address
this, reduced three dimensional models, shown in Fig. 3-6 (a), were first investigated to
select a suitable coefficient of friction. The results for p= 0.0, 0.15 and 0.3 were
compared with the recorded strains at equivalent locations from the actual sequential
expansion (4.2) of the plate. The results indicated that p=0.30 was the most suitable

selection for the specific case of the steel mandrel expanding the 7075-T651 plate.

Al 7075 T651 plate

«$
Pds .05 mm

i\@)505"“-“
P J R

Y.

Fig. 3-5 Details of hole expansion model.
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Fig. 3-6 Different meshes used to model expansion and reaming tests
(a) friction verification models and (b) high resolution model.
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3.3 Three Dimensional Dynamic FE Modelling of Shot Peening

Four main models were considered using the commercial finite element code ANSYS.
The first was concerned with a single shot impinging at normal incidence, the second was
a single shot impinging the target obliquely, the third was twin shot studies and the final

model was of multiple shots impinging at normal incidence.

3.3.1 Three Dimensional Dynamic Single Shot Model

Due to symmetry, only one quarter of the single shot model was discretised, as depicted
in Fig. 3-7(a). The following dimensions were selected for the target: width W=7R,
height H=4R and breadth B=5R, where R was the radius of the shot. These dimensions
were carefully determined as a result of numerous axisymmetric model analyses to
establish the effect of the boundary [47, 48]. The target material properties are provided
in Table 3-2.

Both eight-noded brick and four-noded tetrahedral finite elements, with large
strain and displacement capabilities, were used to discretise the target. In view of their
higher accuracy, brick elements were used in the impact region around the common
normal. The remaining regions of the target were conveniently discretised using
tetrahedral elements. Convergence tests were conducted using the meshes depicted in Fig.

3-7 (b-d), revealing only minor distortion.

Property Value
Young’s Modulus, E [GPa] 210
Poisson’s Ratio, v [-] 0.28
Initial Yield Stress, 6o [MPa) 600
Strain Hardening Coefficient, 50, 800, 1600
H [MPa] (0.025, 0.4, 0.8% E)

Table 3-2 Material properties of shot peening model.
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Fig. 3-7 Geometry and discretised models used in the single shot model: (a) one-
quarter of geometry, and (b), (c) and (d) three discretised geometries of
target with different mesh densities.

To model the shot-target interface, contact elements were used on both bodies.
The three dimensional contact elements adopt a contact node-target surface approach in
conjunction with the penalty function method {77]. The contact nodes were created on the
top surface of the peened target around the common normal. The target segments were
generated only on the lower half of the shot surface (Fig. 3-7), since contact would take
place only in that area. Elastic Coulomb's law, with friction coefficient u=0.25, was used.

As detailed in section 3.2.2 above, the selection of the penalty parameters for the
contact elements must be carefully selected. After several trial runs in which the values of

K, and K, were tested, the values of 10® N/m and 10° N/m were selected, respectively.
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A number of preliminary runs were conducted to establish the appropriate mesh
design and to ensure the convergence of the model. The dynamic analysis was carried out
using Newmark implicit time integration scheme with adjustable time steps. The total
integration time was ;=10 Us. As a result of these runs, the mesh given in Fig. 3-7(b) was

used for the single shot dynamic analysis.

Oblique Shot Model

In practice, the majority of shots do not impinge normal to the surface of the component.
The reasons for this are twofold. Firstly, the geometries being treated can be quite
complex and access to the surface to be treated may not be direct. Secondly, there is a
degree of randomness in the process. As discussed in Chapter 2, shots are either carried
by a stream of air or are mechanically accelerated against the target using a bladed wheel.
As well as the resulting spread, there occurs contact and impact of different shots within
the stream, as well as with the shots rebounding from the target. The perfectly normal
incident contact may well be a rarity. To investigate the effect of possible shot obliquity,
the single shot impact model was extended to half-symmetry. The angle of impingement
was then varied between 0° and 60° from normal incidence and the coefficient of friction

M was varied from 0.0 to 0.8 at a selected incident angle of 45°.

Strain Rate Effects

The behaviour of materials under high strain rates may differ significantly from that
observed in quasi-static loading. Rate sensitivity is observed primarily as a variation of
the yield and flow stresses. As a result, it is necessary to determine the behaviour of the
material under conditions which match the expected deformation rates in the process. In
view of the fact that the impingement during the peening process takes place in a very
short time, it is anticipated that strain rates will be quite large and that strain rate effects
will play a significant role in determining the peening effects. Various empirical
expressions have been proposed to represent uniaxial strain rate sensitivity [78-81]. The
expressions result from the best fit to strain rate test data. These include polynomial,
power law and logarithmic expressions. Cowper and Symond found that the simple

empirical equation
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Co
provided a reasonable estimate of the dynamic flow stress recorded during many

dynamic, uniaxial constant strain rate tests on mild steel [82, 83]. In (3.1), €” is the
plastic strain rate, G is the equivalent stress, O, is the initial yield stress and C and p are
material constants. Jones [84], in examining structural collisions, proposed values of
C=1300 and p=S.

Accordingly, a number of runs were carried out with LS-Dyna 3D using the
Cowper and Symond model. It is worth noting that the strain rates experienced during the
peening process are very high, on the order of 10° per second. Material data in this range
does not exist in the literature. It was therefore decided to employ the coefficients
proposed by Jones to:

(i) examine the effect of strain rate on the global behaviour of the material,

(ii) compare the resulting field with rate independent model to highlight any possible
anomalies, and

(iii) to obtain an estimate of the influence of strain rate effects upon the resulting

residual stress field.

3.3.2 Three Dimensional Dynamic Twin Shot Model

The study was extended to examine the effect of twin shot impact upon the residual stress
field. Fig. 3-8(a) shows two spheres each of radius R impinging a target. The separation
distance between the spheres is 2C. Fig. 3-8(b) shows the discretised geometry of the
target using the same element types discussed earlier. The boundary conditions imposed
on the above models were as follows: symmetry boundary conditions on the z=0 and x=0

planes, and a fully constrained workpiece bottom surface. For the purpose of this study,
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(a) (b)

Fig. 3-8 Geometry and discretised model used in dynamic simultaneous impact
studies: (a) geometry and notation used and (b) discretised geometry
showing contact elements.

the shot was assumed to be rigid. This rigidity stems from the relatively high yield and
hardness values of typical steel shots compared to the target material. It is worth noting

that the effect of strain rate and elastic wave propagation was not considered in the study.

3.3.3 Multiple Shot Model: Shot-peening

The research was further extended to examine the effect of multiple simultaneous and
sequential impacts on the plastic zone development and growth, and the resulting residual
stress field. Four successive waves of impacting shot were modelled, as depicted in
Fig. 3-9. By ignoring boundary effects, this model could be discretised into the symmetry
cell shown in Fig. 3-9(b). The spatial separation of the shot within a wave was varied
between C=R and C=2R. This corresponded to the case of sequential waves overlapping
or impinging adjacent to the previous shots location. The depth of the cell was again
taken to be H=4R to eliminate/minimize boundary effects. The shot was modelled as rigid
and the target as having the properties in Table 3-2, and no interference between

subsequent waves of shot was assumed.
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Fig. 3-9 Geometry and discretised model used in multiple shot studies: (a) overview
of the model, and (b) discretised geometry of the symmetry cell.
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3.4 Leaky Lamb Wave Modes

The theoretical foundation for the modelling of the Lamb wave propagation [85] and the
variation thereof due to applied and residual stresses in plates is based upon the wave

equation:

C;; =Py, (3.2)

1.1

For propagation in an isotropic plate, the equation becomes:
(}""p')lj,ji +Hu; =pu; (3.3)

where A and p are the Lamé constants. Considering the in-plane (P-SV) case, we denote
the displacements as uy, u, and the stresses as Txx Tz Tx. The potentials y and ¢ are

introduced such that

u, d/dx ~dfazl @
= 34
[ u, ] [a/az 3/ox ](\u) .
and
o AV? +2u9% /0x? —2ud* /dxaz
T, |=|AV?+2ud?/9z2* 2ud* /9xaz ((p ] (3.5)
. 2ud* /9xdz n(a>/9x? —a*/9z%) v

A time harmonic dependency of the problem is assumed, and as a result the time
dependence e™' in all field quantities is suppressed, where ® is the circular frequency.

Accordingly y and @ represent solutions of the reduced system of equations, viz.

Vig+kly=0 (3.6)

Vio+kie=0 3.7

where k, and k; are the wave numbers associated with the P (longitudinal) and S (shear)

waves, respectively. Assuming a biharmonic form of solution for y and @ leads to:
@(x, 2) = (A, sinh(v,z)+ A, cosh(v,z))e™ (3.8)
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w(x, 2) = (B, sinh(v,z)+ B, cosh(vz))e™ (3.9)

with ve =k2-kZ: vg=yk*-kZ;

0} (0]
kp =—; ki=—;
F VP * VS

k=k,sin0

and VP= 7&“‘2'-1; VS=\/E
V p p

where Aj, Az, By, B; represent the respective incident and transmitted waves at the upper
and lower boundaries of the plate. Ewing et al. [85] expressed the symmetric and
antisymmetric dispersion (Fig. 3-10) equations resulting from the general solution of the

wave equation in the form :

tanh[v, (h/2)] _ (vZ+k*f
tanhlv,(h/2)]  4k?v, v G109

tanhlv,(h/2)]  4k’v,v,

tanh[vs(h/?)]—(vé+kz)2 (3.11)

where h is the thickness of the plate. For an isotropic solid at high frequencies, between
the longitudinal and shear wave critical angles, the spacing S between adjacent modes can

be expressed as

2977/
s=_| L _sin’® (3.12)
2h| VI VI

where it is assumed that the solid is immersed in a water bath and a plane wave impinges

at an angle 9 to the surface normal [73].
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Fig. 3-11 Details of a layered medium.

3.4.1 Multi-Layer Isotropic Lamb Modes

Fig. 3-11 shows the geometry of a layered medium with traction free upper and lower
surfaces. In the absence of body forces, equations (3.8) and (3.9) can be expressed in the

m™ layer (m=1,2...N ) as:

o =[A,(k)e™"r*= 4+ A, (k)e V=) Jei™ (3.13)

v =[B,(k)e s* + B, (k)e Vs = g™ (3.14)
2

where A, A, B; and B> are constants to be determined. In order to account for the

dissipative nature of materials, quality factors Qp and Qs are introduced such that:
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kp = (1 +0.5i/Q, )('YVP
ks = (1+0.5i/Q; Joy/ Vs
n=pV/(1+5i/Qs)

A+2u=pV?/(1+5/Q, I
Let {C} =[A, A2 B) B:]" and {S}=[U; U, T, T-.]" such that
{8(k,2)} =[QK)IE, 2){C}
Then {S} in the m™ layer may be represented by means of the matrix product,

[E(k, z)] —_ Diag[e-v,-(z.-z) e-Vp(-’.-:.-l) e-"s(l.. -2) e‘Vs(z—:.-l)]

[QI=[Q" Q7]
where
ik -V ik Vg
Q1= Ve ik Q1= -V, -ik
| 2ikpve  —pk -k |’ T —2ikuv, p(k?-k2)
(2k? ~k2)  2ikpv W2k —k2)  2ikuvg

3.15)

(3.16)

3.17)

(3.18)

(3.19)

(3.20)

3.21)

3.22)

The continuity of displacements and stresses at the interfaces of the layered medium

connects the unknown coefficient vectors {C} and displacement-stress vectors {S(k,z)} of

the adjacent layers. These connections form a global linear system. Again using m to

denote the layer, this continuity condition can be expressed as:

[Qui (O Ema (K. 2)H{Croi} = [Qp (K)[Em (k, 2){Cin) ={0}

(3.23)

where z,, is the depth of the interface between the mth and (m+1)th layers. On the surfaces

z=0 and z=zy, the traction free conditions are applied by enforcing:

ot

(3.24)

After the assembly of equations (3.23) for m=1,2,...,N, a linear system is obtained:
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[QI{C}={(B} (3.25)

The global matrix [Q] is composed of submatricies obtained from [Qn(k)], [Em(k.zn)] and
[Em+i(k,zm)), m=1,2...N. This matrix represents the physical properties of the layered
medium in the k-domain. Vector {B} is a global arrangement of the right hand side of
(3.23). For the in-plane problem of an N-layered plate, the dimension of [Q] is 4N. When
no external forces or dislocations are present at any interface, { B} is a null vector and the

only nontrivial solution of {C} in (3.25) is given by
Q=0 (3.26)

which gives all the guided wave modes.

3.4.2 Transversely Isotropic Lamb Modes

In a transversely isotropic medium, the isotropic elastic constants, A and u , are replaced
by Cyi1, Cs3, Ci3, Css and Ces. In addition, P and SV waves are no longer decoupled and
are called quasi P and SV waves. As a result, matrices [Q] and [Q*] in equation (3.22)

are replaced by:

- —kv k‘n
) -V -pHa m* -pHa
= 2 2 3 2 2 327
Q] —C kv =(v’ -BYa) Cukin" - —Pp)a] 3-27)
| =V[C3k* +Cy (Vi ~BHa]  T[C, k> +C;, (0 —B7)a]
_ o -
v -B*a -Mm'-BHa
1= 328
Q] C kv — (v} -BHa] ~C kM -Mm* -BHa) (328
| —V[C3k? +C5 (v =BY)a]  MC k*+C,;;Mm* —pHa)

where v, 1 are wave numbers in the z-direction for quasi P and SV waves. Their

definitions are:
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q=C;C,, +Ci4 —(C5 +C«)2

=9 =9
As indicated earlier, the appropriate formulations are made for each layer, with the
global matrix formed by considering the continuity requirements and then solving for the

Lamb wave modes.

34.3 Leaky Lamb Wave Model of Shot Peened Plate

In order to study the effect of shot peening upon the LLW dispersion curves, a model
based upon a transversely isotropic layered medium was developed. Fig. 3-12 illustrates
schematically the procedure used to model the influence of shot peening residual stresses
upon the LLW modes for an isotropic plate. Assuming an initial isotropic condition, the
estimate of residual stress profile obtained from finite element studies of the shot peening
process is imposed on the plate. This is then discretised into a series of layers, each layer
having a uniform stress level. Each layer is then assumed to be transversely isotopic, with
the stress level being mapped to a variation of the ultrasonic velocity in the layer, for
which the appropriate values of C;, through Ces are calculated.

Two models were studied (Fig. 3-13). The first consisted of a single compressive
layer at the upper and lower surfaces of the plate with a single sub-surface tensile layer.
The second consisted of three compressive layers at each surface of the plate, with
varying compressive stresses and a single central tensile layer. The finite element models

studied were for steel shot impacting a steel plate. The acoustoelastic effect in steel is
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approximately an order of magnitude lower than that for aluminium. The stress
distribution for the steel plate was normalised by the yield stress, and the resulting stress
field applied to a 6 mm thick aluminium plate LLW model. The effects of
acoustoplasticity and surface roughness were neglected. Published acoustoelastic
constants [86] were used to evaluate the velocities in each layer and the corresponding

acoustoelastic constants, as listed in Table 3-3.

S 2 Uniform isotropic

plate

Shot-peening induced
residual stresses

l

: =4 Layered, transver-

I sely isotropic plate

= ] Depth dependent
changes of wave

L speeds

I
N/ |

Changes of leaky

= ~ guided waves

L 3 characteristics

Fig. 3-12 Schematic of modelling of peening residual stresses for evaluation of
LLW modes.
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Fig. 3-13 Models of peened specimen: (a) single compressive layer and

(b) three compresive layers.

Model Thickness | Stress Cu Cn Cis Cu Ces

(mm] [o/00] ll 0° kg /ms* J

Baseline 6.0000 0.000 107.844 54941 107.844 26.452 26.452

Sin gle 0.6200 -0.997 107.394 58.489 118.288 27.344 27.008

compressive 4.7600 +0.046 107.865 54.783 107.373 26411 26.426

layer 0.6200 -0.997 107.394 58.489 118.288 27.344 27.008

Three 0.0861 -0.936 107.422 58.264 117.630 27.289 26.973

compressive | 02716 -1.503 | 107.166 | 60367 | 123.754 | 27.802 | 27.291

lavers 0.2623 -0.495 107.621 56.674 112.965 26.893 26.727

34 4.7600 +0.046 107.865 54.783 107.373 26.411 26.426

0.2623 -0.495 107.621 56.674 112.965 26.893 26.727

0.2716 -1.503 | 107.166 60.367 123.754 27.802 27.291

0.0861 0936 | 107.422 58.264 117.630 27.289 26.973

Table 3-3 Material properties for modelling of LLW response based upon
acoustoelastic constants reported in Krautkrimer and Krautkramer [86].
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Chapter 4 Experimental Work

Summary: This chapter is divided into two main sections. The first is concerned with the
modification and application of the incremental hole drilling technique to determine shot
peening residual stresses. The second is devoted to the application of a new leaky Lamb
wave methodology, supported by C-scan measurements, to evaluate residual stresses in

typical aerospace alloys.

4.1 Hole Drilling

This section is devoted to the incremental hole drilling technique for measuring residual
stresses, and specifically with the determination of the appropriate calibration coefficients
for evaluating non-uniform residual stress fields in titanium (Ti-6Al-4V); a common

material for aircraft compressor disc assemblies.

4.1.1 Determination of Non-uniform Residual Stresses

The established ASTM E-837 [S2] approach to measuring residual stress with the hole
drilling technique considers a uniform stress along the depth of the hole increment. This
is unsuitable for the large gradients expected in shot peened components. As discussed in
Chapter 2, the calibration coefficients available in the literature for calculating residual
stresses are not suitable to accurately describe a highly varying stress field such as that
resulting from shot peening. In order to improve the technique, four areas were
developed, detailed in the following sections. The first was the calculation of calibration
constants for the current hole geometry, rosette configuration and depth increments of

interest using the integral method. The second was concerned with the accurate
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determination of the zero depth level. The third was concerned with the treatment of

signal noise and the fourth with the management of the data sets.

The Integral Method
In the case of an equal biaxial elastic stress field, similar to that observed in shot peening,
the recorded strain relaxation is the same in all directions, and equations (2.1) and (2.2)

reduce to:

gj-'—V—)btr

e=2Bo= 4.1)

where b is a constant depending only on hole dimensions and rosette geometry. In the
case of a non-uniform residual stress field o(z) across the depth of the specimen (Fig. 4-
1), the measured strain relaxation €(4), due to drilling a hole of depth 4, is the integral of

the infinitesimal strain relaxations resulting from stresses at all depths 0 < z < A, viz:
1+V) ¢t
€(h,z)=2Boc =(—E-)I b(z,h)o(z)dz 0<z<h @.2)
0

where b(z,h) is the strain relaxation per unit depth caused by a unit stress at depth z. The
dependency of b(z,h) on the depth z represents the unequal contribution to the relaxed
surface strain from stresses at different depths z. On the other hand, the variation of &
with the hole increment & represents the strain variation associated with the change in the
compliance due to the change in the hole size. If the function b(z,h) is known and the
strain relaxation &(h) is measured continuously, the residual stress field o(z) can be

obtained by solving the above integral equation.

7 s //‘71
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Fig. 4-1 Non-uniform residual stress distribution with hole depth.
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In practice, however, the strain relaxation is measured for a limited number of
hole increments. For this reason, equation (4.2) is rewritten in a discrete form for the i

hole depth as

Eb c -—E—e 4.3)
= COK ‘
where o is the equivalent uniform stress for increment j within the hole depth i, as

illustrated in Fig. 4-2. Equation (4.3) can be written in a matrix form as:

—b 11 ol i Pel ]
b|2 bzz O, _ E €,
rooro AT E @4
_bln bzn bnn 0'n J _e'l -

where n is the number of increments. If the calibration coefficients b;; are known and ¢&; is
measured for selected hole depths, the residual stresses o; are then obtained by inverting

the lower triangular matrix b;. In this case, the actual residual stress distribution is

obtained as a stepwise approximation.

c D,
i E i g
t i=2 i=2
=1 j=2
Fig. 4-2 Load configuration for different hole increments.

Evaluation of Coefficients

For a specific hole diameter and strain gauge location, the coefficients b;; represent the
recorded strain relaxation caused by a unit equal biaxial stress field located at the j*

increment (Ahj) in the i hole depth (h;). Therefore, b; can be evaluated using
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axisymmetric linear-elastic finite element calibration for specific strain gauge rosette
geometry and selected hole increments.

The calibration coefficients were calculated using the ANSYS finite element code
[88] for the mesh geometry shown in Fig. 4-3. The high mesh density mesh was se;lected
in the milling region following a large number of convergence tests pertaining to the
coefficients. The mesh selected corresponded to three elements per milling increment.
The diameter of the hole (1.82 mm), the length of the strain gauge (1.59 mm) and its
location from the axis of symmetry (2.57 mm) correspond to the configuration of the
strain gauge rosette TEA-13-062RK-120. The simulated specimen radius R and depth H

were selected so that boundary effects were eliminated [52].

axis of v.mv ».' i -. ‘,‘
symmetry strain

l gauge

,1—-—— 4.00 mm ——bl

4+—— 593mm —»

4— 24.0 mm >

Fig. 4-3 Sample finite element mesh for hole drilling calibration.

A four-noded isoparametric element was used in the analysis and convergence

checks were performed to optimise the finite element mesh to that of Fig. 4-3. To account
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for the high gradient in shot peening residual stresses close to the surface, it was
necessary to compute the calibration constants using very small increments. The

calibration coefficients were calculated for increments of 12.7 gm (0.0005 in), 25.40 um
(0.001 in), 63.5 pm (0.0025 in) and 127 um (0.005 in) with 4, 20, 14 and 10 increments
respectively. The values of the coefficients are tabulated in Appendix A.

Zero Level Determination

As the increment of the depth resolved decreases, the error becomes predominantly
controlled by the initial zero level determination. The established technique evaluates the
zero level by observing a 3 ue change in the microstrain reading. This technique could
not be applied as it would obscure the initial stress level of interest. The technique
adopted was therefore to approach the gauge in steps finer than the desired inversion
increment. After each approach the end mill was backed off and the gauge inspected
under 4x magnification. Zero level was determined when a complete circle of bare metal
was observable in the centre of the gauge. This level was confirmed audibly by observing
the sound of the system as the end mill approached. A ring was heard upon the end mill
first contacting metal. After the test was completed, this procedure was carried out on
either side of the initial hole to ensure that the system remained in calibration. This

provided determination of the zero level within 6.35 um.

Filtering

Two sources of variability in the signal are from variations in temperature and errors in
the depth of the drilled hole. Global fluctuations in temperature were montiored by an
independent strain gauge bridge on a coupon adjacent to the tested work piece. A
MicroMeasurements Group System 5000 multichannel strain gauge reader was used to
monitor the temperature induced microstrain as well as the relieved microstrains. These
were monitored in real time and logged at 2 s intervals. In order to minimize the
temperature rise due to machining, small machining increments (6.35 um) were carried
out at low feed rates (4x10™ m/min). Once the machining increment was completed, the

end mill was withdrawn and the gauge readings allowed to stabilise.



Errors in the measured depth of the hole were addressed by milling in increments
smaller than those required for the inversion procedure. The results were then
mathematically filtered to obtain smooth curves. The inversion was then carried out on

the smoothed data.

Data Management

A custom program, implemented in MatlLab, was developed to automate the calculation
of residual stresses. This interactive program incorporated the ability to filter the data
through the evaluation of local means, curve fitting, and strain channel averaging as well
as adjust for zero level offsets and perform error bound estimation, with graphical and

numerical output.

4.1.2  Verification of Incremental Hole Drilling Method

The accuracy of the calibration coefficients and measurement techniques were checked by
measuring bending stresses in a cantilever beam with a known stress field. The bar was
made of aluminium 6061-T6 with cross sectional dimensions of 76 mmx8.1 mm and
length 300 mm. The given elastic modulus and Poisson's ratio were E=70 GPa and
v=0.331, respectively. A strain gauge rosette (TEA-13-062RK-120) was mounted on the
centreline of the upper surface, 180 mm from the applied load. A T rosette (CEA-13-
062WT-120) was mounted on the centreline, 60 mm closer to the load application point.
The beam was loaded incrementally to 135 N. To eliminate the effect of residual stresses
that may exist in the beam, the load was removed during each drilling operation. The
corresponding strains were recorded before and after drilling each hole increment as well
as before and after each load application. The final hole depth was 1.2 mm. The strain
relaxation due to the introduction of the hole increments was obtained from the difference
of the strains after and before drilling.

Although the calibration matrices, b;;, were evaluated for an equal biaxial stress
field, they could be used in the current example by using a modified equation that relates
bj; to the uniaxial bending stress. For a general biaxial stress state, the principal stresses

were obtained as:
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Combining the above two equations with equation (4.3), we obtain
b.(c,+6,), =——(g, +&,), 4.7)
4 ij I nrj (1 ) 1 3 (

Making use of the first stress invariant (G; + 6p) and the first measured strain invariant (g,
+ €3), the calibration matrix b; in the above equation can be calculated using the above
axisymmetric finite element model. It follows that the in-depth distribution of the stress
invariant (0, + O32) can be calculated using the calibration matrices obtained in the
previous section. In a uniaxial stress field, the applied stress is obtained directly using
equation (4.7).

A least squares fit was obtained for each inverted data set to minimize the
influence of errors. From this, the calculated surface stress for inversion increments of
25.40 um, 63.5 um and 127 um was found to be within 10% to 15% of the theoretical
stress obtained using beam theory and finite element modelling. For the finest increment
(127 um) much larger errors in stress measurements were observed. For example, errors
in the range of 90 to 175 MPa were obtained. These correspond to a very small error in
strain measurement (I1-2 pg). Accordingly, care must be taken when employing the

incremental hole drilling method for very fine increments.
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4.2 Instrumented Cold Hole Expansion

In order to evaluate the accuracy of the finite element method in modelling the cold
expansion process, an instrumented plate was subjected to sequential cold expansion. An
aluminium 7075-T651 plate (150x45%3.14 mm) with two 4.95 mm diameter holes along
the centreline was prepared. The centre-to-centre separation of the holes was 7.5 mm.
Two EA-13-031MF-120 strain gauges were mounted along the centreline of the plate and
a CEA-13-062WT-120 T rosette was mounted between the two holes, offset to one side
(Fig. 4-4 (a)). The plate was clamped in a fixture to maintain alignment and provide
guides for the mandrels (Fig. 4-5), with spacers to protect the gauges and connection
wires. The holes were then sequentially expanded, with the hole near the two gauges Gl
and G2 being expanded first, and the strains being recorded at 1 Hz with a
MicroMeasurements System 5000 data acquisition system. The recorded strain

approached the extension limits of the gauges during the expansion operation. Subsequent

Fiist
cxpanded

(a) (b)
Fig. 4-4 Instrumented plate: (a) before and (b) after cold expansion.
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to the expansion process, an additional EA-13-031MF-120 gauge was bonded at a 45°
angle to the centreline of the plate, in line with the centre of the first hole. Additionally, a
second CEA-13-062WT-120 T rosette was bonded between the holes (Fig. 4-4 (b)). The
strains were recorded from all gauges during subsequent elastic bending. This permitted
the verification that the original strain gauges were not damaged when subjected to the

large inhomogeneous strains experienced during the expansion process.

Specimen

Fig. 4-5 Schematic of fixture for cold hole expansion.



4.3 LLW Measurement of Residual Stresses

4.3.1 Experimental Setup

Leaky Lamb Wave Apparatus

Fig. 4-6 illustrates the general setup of the ultrasonic delivery system for LLW
measurement of stress. The test sample is immersed in a water tank. With two transducers
positioned in a pitch-catch arrangement with the aid of a guiding arc, the ultrasonic
analyser (KFJ HIS-1; frequency response 1.5-100 MHz) provides a pulse to the
transmitter transducer through a preamplifier (KFJ HIS-1901). The pulse excites the
transducer, which obliquely emits ultrasonic waves into the test sample through the water.
The reflected signals are then picked up by the receiver transducer, which passes them to
the ultrasonic analyser through another preamplifier. The receiver signal is conditioned,
amplified, and transferred to the digital oscilloscopes (Phillips PM 3365A, 100 MHz, 100
MS/s and/or Philips PM 3380A, 100 MHz, 10 GS/s) for viewing. To facilitate
determination of the locations of the specimen, measurement of surface features and
allow the capability of traditional A, B and C scans, a third transducer is mounted at the
apex of the arc along the centreline. The XYZ positioning of the guiding arc is controlled
by stepper motors with an accuracy of 2.5 um. The synchronous angular positioning of
the probes on the guiding arc is also controlled by a stepper motor with an accuracy of

0.050°.

Data Acquisition and Processing

The data acquisition system developed employed a PC to control the linear motion of the
guiding arc and the angular positioning of the probes. In an LLW scan, a number of test
locations and incident angles were involved. At each selected test location and incident
angle, the height of the guiding arc with respect to the surface of the specimen was
adjusted to obtain equal amplitude pulses from the upper and lower surfaces of the
specimen [73]. Noise beyond these two pulses was filtered by digital gating. Signals were

acquired until criteria for repeatability are met, and then the signal with the most deeply
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developed minima was stored. These criteria included the depth of the minima with
respect to the overall signal, the repeatability of several acquisitions at the same point and
the consistency of the ratios of the echo from the upper and lower surfaces of the
specimen. The Fast Fourier Transform (FFT) technique, with 32 padding, was then used
to obtain the amplitude spectrum from the time signal. As a result, using the PM 3365A,
the time resolution of the signal is 5 ns and the frequency resolution of the amplitude
spectrum is 6.10 kHz. The PM 3380A acquires up to 32x1024 data points, with a
200%x10° samples/s in single shot mode, and up to 1x10° samples/s through the use of
random interleave sampling on repetitive signals. The latter results in a lower signal to

noise ratio.
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Fig. 4-6 Schematic of leaky Lamb wave test facility.

4.3.2 Leaky Lamb Wave Measurement of Applied Direct Stress

The test sample was a modified version of the standard ASTM tensile specimen (Fig. 4-7)
[89]. The test sample (aluminium 7075-T6S51) was placed in a loading frame, which was
immersed in a water tank. The loading frame used a hydraulic cylinder with a double-
acting pump to apply axial force on the test sample, as shown in Fig. 4-8. The calibration

of the pump pressure versus applied force was obtained through the use of strain gauged
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test samples. A check valve placed in line between the cylinder and the pump was used to
maintain a constant pressure for the duration of the test cycle. This was monitored
periodically through a dial pressure gauge. This system was evaluated in a servo-
hydraulic load frame assembly to verify the capability to maintain a given pressure with a

variation of 3% for a period of 24 hours.
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Fig. 4-7  Details of specimens used for calibration.

Fig. 4-8 Loading of specimen for applied stress measuremerits.
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4.3.3 Cold Hole Expansion

The LLW technique was applied to evaluate the variation of the Lamb wave velocity
around the expanded holes. An aluminium 7075-T651 plate (150x45x3.14 mm, Fig. 4-9)
with two 4.98 mm diameter holes located along the centreline, with a centre to centre
separation distance of 7.5 mm was scanned. Measurements were carried out before and
after a 2% expansion. The scans were carried out with the polarisation of the Lamb waves
both parallel and transverse to the centreline of the plate. The transducers selected were
0.5”, 3” focused, 5 MHz broadband for both the transmitter and receiver. Incident angles

of 16° and 22° were investigated.

Al 7075-T651 plate
Expanded holes

- N

Fig. 4-9  Details of leaky Lamb wave scanned cold expanded plate.

Inspected region
21x11data points

4.3.4 Shot Peening

Plates of aluminium 6061-T6 with dimensions of 96.8x38.1x6.35 mm were subjected to
shot peening treatment on the upper surface. Half of the specimen was masked off to
preserve the original condition (Fig. 4-10). A grid of 150x3 points across the specirnen
was scanned for each specimen at angles of 16°, 18° and 20° with the Lamb wave
polarisation being parallel to the 96.8 mm dimension. Angular corrections were carried
out to account for the curvature induced by the peening process. In analysing the data,
points near the interface between the peened and unpeened sections were ignored, as they
would incorporate aspects of both. The remaining points in each section were averaged in
order to obtain an aggregate and reduce the variations due to random errors resulting from

electrical noise and microstructural variations.
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Fig. 4-10 Detailed geometry of shot peened specimens.

4.4 Ultrasonic C-Scan

The equipment used to carry out the ultrasonic C-scan of the specimen with the cold
expanded holes was the same as that used to carry out the LLW measurements. The
normal incidence mount at the centreline of the guiding arc was used with a KFJ-MPC 35
MHz, 5 inch focus transducer. Using the same specimen as detailed in 4.3.3, two grids
(illustrated in Fig. 4-11) were measured. The time domain signals were recorded from
both the PM 3365A and the PM 3380B simultaneously and then analysed using Matlab 5.
The time of flight data from both the PM 3365A and the PM 3380B were evaluated and
averaged over 3 and 4 reflections, respectively. Furthermore, autocorrelation of the
PM 3380B data was carried out to obtain an estimate of the time of flight. This reduced

the sensitivity to the noise inherent in the random interleave sampled data.

Expanded holes Inspected region
81x20 data points
0.25 mm spacing

Fig. 4-11 Details of C-scanned cold expanded plate.

Al 7075-T651 plate
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Chapter S Results and Discussion

Summary: In this chapter three issues are addressed. First, the developed finite element
models are validated. The models are then used to investigate the processing parameters
of the cold hole expansion and shot peening processes upon the residual stress
distribution in the treated components. Secondly, destructive experimental techniques are
used to investigate the mechanically induced residual stresses. A series of incremental
hole drilling measurements used to investigate several of the parameters investigated in
the FE study are detailed. Finally, ultrasonic measurements are applied to the
investigation in two ways. In one way, LLW and C-scan measurements were carried out
on treated components. In the other, the effects of shot peening residual stresses upon the
LLW dispersion curve are evaluated and studied.

5.1 Cold Expansion of Interacting Fastener Holes

5.1.1 Two Dimensional Analysis

The material properties used were that of aluminium alloy 7075-T651 with E = 72 GPa
and v =0.32. The elasto-plastic behaviour was assumed to be bilinear with isotropic
hardening and an initial yield stress of S06 MPa. Fig. 5-1(a-c) show the variation of the
normalised equivalent stress trajectories for three different expansion levels (2%, 4% and
6%), while Fig. 5-1(d) shows the unloading residual stress field corresponding to the 6%
expansion level. The figures show clearly the growth of the plastic zone with the increase
of the expansion. They also show interaction effects in the region contained between the
two fastener holes. Fig. 5-2(a) and Fig. 5-2(b) show the variation of the normalised

tangential residual stress versus the distance along the lengths variation of the normalised
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tangential residual stress versus the distance along the lengths AB and CD, measured
from the central line of the workpiece, respectively. Fig. 5-2(a) reveals the presence of
tensile residual stresses at the central distance between the holes for an expansion level of
2%. Increasing the expansion level results in a reduction in the tensile field, leading to a
purely compressive residual stress field at an expansion level of 6%. This is compensated
for by the increase in the tensile residual stress along the length CD of Fig. 5-2. Fig. 5-

2(b) also reveals that maximum compressive residual stresses occur at the hole boundary.

Fig. 5-1 Details of equivalent stress G contours for different expansion levels:
(a) 2%, (b) 4%, (c) 6%, and (d) unloading from 6% expansion.
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Fig. 5-2 Variation of normalised tangential residual stress 6, /G, along
lengths (a) AB, and (b) CD for 2¢ = 4R and H/E = 1%.
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Fig. 5-3 shows the normalised tangential residual stress versus the distance along
the length AB for an expansion of 6%. The figure reveals the relatively high tensile
residual stresses for the case where 2c = 6R. No tensile residual stresses were observed
for 2c = 4R. Fig. 54 shows the insignificant effect of the strain hardening rate upon the
residual stress field along length AB. In all the above trials, the two fastener holes were
expanded simultaneously.

We now turn our attention to the case where the expansion was conducted
sequentially. Using the mesh from Fig. 3-2 an alternate expansion of 4% was applied to
each of the holes. Fig. 5-5 shows the residual stress results for a single hole expansion;
sequential expansion; and simultaneous expansion of the two fastener holes. The figure
reveals the dramatic difference resulting from the order of the expansion. It indicates that
large tensile residual stresses are developed in the case where the mandrel is applied

sequentially to the holes.
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Fig. 5-3 Variation of normalised tangential residual stress 6, /G, along length
AB for a 6% expansion and H/E = 0.1%.

73



/e,

r
(1]

Normalized tangential residual stress, ¢

— | 01% NS oI
---| 0.5%
—— | 1.0%

-1.5 . ) - ‘

o0 0.2 0.4 0.6 0.8 1.0

Normalized distance [x/(c-R)]

Fig. 5-4 Variation of normalised tangential residual stress 6 /G, along length
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Fig. 5-5 Variation of normalised tangential residual stress o4 /o, for
sequential expansion with 2¢ = 4R, 4% expansion and H/E=0.1%.
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Limitations of the Two Dimensional Model

The two dimensional model described above suffered from the following shortcomings.
First, it ignores the asymmetric nature of the current cold expansion process. Second, it
did not account for contact conditions at the interface between the mandrel and the hole.
It assumed a rigid mandrel, as evidenced by the imposition of the displacement at the
boundary of the workpiece. Finally, it was incapable of accounting for friction as well as
surface roughness variations through the thickness of the plate during the cold expansion
process. These shortcomings will manifest themselves in the deformed geometry,
development and growth of plastic zone and unloading residual stresses. This has

motivated the three dimensional finite element modelling described below.

5.1.2 Three Dimensional Analysis: Validation

The three dimensional finite element model was validated by comparing with the
experimental measurements conducted by Link and Sanford [30]. Link and Sanford
obtained the residual strain field surrounding a single split-sleeve cold expanded hole in
6.35 mm thick 7075-T651 aluminium plates using moiré interferometry. Numerous finite
element runs were conducted to examine the effect of the centre distance upon the field
variables. The work concluded that virtually no interaction effects are present for the case
where 2¢/R 2 10. Accordingly, the geometry shown in Fig. 3-3(a) with R=2.87 mm,
2¢ =28.7 mm and r=6.35 mm was discretised for comparison with the existing results of
Link and Sanford for a 3% expansion. Fig. 5-6 shows the residual radial and tangential
strains at the entry face of the specimen. Good agreement between the experimentally

obtained distribution and the current finite element predictions was observed.
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5.1.3  Three Dimensional Analysis: Simultaneous Expansion

To investigate the effect of the geometry, the centre distance between the two holes was
varied from 3R to 10R. The outer boundary of the plate, which was rigidly fixed, was
selected such that it did not affect the results in the regions surrounding the expanded
holes. The total mandrel displacement (16mm) was applied incrementally in 20 steps.
The von Mises stress contours for a centre distance of 4R at four different mandrel
positions is shown in Fig. 5-7. Both the entry and the exit views are provided. At the
initial entry stage (Fig. 5-7(a)), the mandrel is in contact with a small fraction of the
fastener hole. In this case, the equivalent stress trajectories at the entry surface reveal the
limited contact between the mandrel and the plate. When the mandrel is pushed further
into the plate (Fig. 5-7(b)), both surfaces experience comparable levels of stresses.
However, with the additional travel of the mandrel into the hole (Fig. 5-7(c)), the

equivalent stress field at exit surface is dramatically increased. Fig. 5-7(d) shows the exit
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stage of the mandrel. The figure reveals the remarkable difference between the equivalent
stress at exit and entry surfaces. This shows clearly the inability of two dimensional
modelling to accurately capture the plastic zone development and unloading residual
stresses resulting from the cold expansion of two adjacent holes.

The variation of the normalised equivalent stress 6 /G, across the thickness of

the plate at point B is shown in Fig. 5-8 for four different mandrel positions. The figure
clearly indicates that during the entry stage (10% and 25% strokes) the equivalent stress is
much higher at the entry than at the exit surfaces. At 60% stroke, the equivalent stress
distribution is uniform across the thickness. The residual equivalent stress field (mandrel
stroke 100%) attains a maximum value at mid-thickness and a minimum value at the
entry face.

The effect of the centre distance between the two expanded holes upon the
resulting residual stress field is shown in Fig. 5-9 for a 2% expansion. The normalised
tangential residual stress at point B is plotted across the thickness of the specimen for the
three different centre distances where the interaction effects were dominant. The results
show that the centre distance of the two cold expanded holes can lead to a significant
change in the residual stress field. The figure also shows that a decrease in the centre
distance between the expanded holes results in a decrease in the compressive residual
stresses at the entry face and an increase at the exit face of the workpiece. These very low
compressive residual stresses have an insignificant effect on the fatigue performance of
the cold worked piece. Fig. 5-10 shows the variation of the tangential residual stress
contours around the cold worked hole for some of the centre distances examined. The

figure reveals the large variation in tangential residual stress in the region of influence.

77



Exit View

_
.
i
-

Fig. 5-7 Details of equivalent stress G contours at entry and exit for different
mandrel strokes: (a) 10%, (b) 25%, (c¢) 60% and (d) 100%.

(d)



=
N

©

1o

o

2

% 08 }

=]

2

S Mandrel stroke

3 . -—— 10%

3 ' ——- 25%

g 04 \\ """ 600/0

S . —  100%

e

s |  TTme-o_.

O
0.0 i . 7]

0 1 2 3

Distance across thickness [mm]

Fig. 5-8 Variation of normalised equivalent residual stress &/ o, through

thickness at point B.
. 00 v
L

'
0

Normalized tangential residual stress, ¢

Distance across thickness [mm]

Fig. 5-9 Variation of normalised tangential residual stress 6" /0, through
thickness at point B.

79



-

Q

e MPa

-583.062
-499,973
-416.885
-333.798
-250.707
~167.618
-84.53
-1.441
81.648
164,736

A
i

-

MPa

-940, 545
~465.199
~390.056
-314,912
-239,768
-164.625
-89.481
-14.337
60.806
135.95

HERIREN .

-

MPa

-996.266
-510.254
-424.242
-338.23
-252.218
-166.206
-80,195
5.817
91.829
177.841

[

I -

-
- 25R

Fig. 5-10 Tangential residual stress o', contours for 2% expansion.

80



The residual stresses at the entry and exit faces of the workpiece are shown in Fig. 5-
I'1(a) and (b) for a centre distance of 4R and 2% expansion. The figures reveal that the
smaller compressive residual stresses were always at the entry face of the workpiece. In
the region between the two holes (Fig. 5-11(a)), the residual stress changes rapidly from
compressive close to the hole edges to highly tensile at the central point A. This tensile
stress is, however, more than twice of that predicted by axisymmetric analysis [90]. Fig.
5-11(b) also shows that interacting effects between the adjacent holes can lead to high
tensile residual stresses even along the length CD. These high tensile residual stresses
along lengths AB and CD combined with any tensile stresses resulting from the applied

service load could lead to premature failure under conditions of cyclic loading.

5.14 Three Dimensional Analysis: Sequential Expansion

The work was further extended to account for the effect of sequential expansion of the
two holes upon the residual stress field. In this case, half of the plate was modelled. The
hole BC was expanded first, followed by the hole C’B’. Fig. 5-12 shows the variation of
the tangential residual stress contours across the thickness of the plate at points B and B’
for a centre distance of 4R and an expansion of 2%. For comparison, the results of the
simultaneous expansion analysis are also provided. It is clear that the sequential
expansion leads to lower compressive residual stresses at the exit face of the workpiece,
as compared with the simultaneous expansion. The stresses at the entry face vary slightly.
Fig. 5-13 shows the variation of the tangential residual stress field in the region
between the two holes for a centre distance of 4R and an expansion level of 2%. The
figure indicates that the sequential expansion results in lower compressive residual
stresses than the simultaneous expansion, especially at the exit face of the workpiece. It
also shows that at the edge of the first expanded hole the residual stress field at the exit

and entry faces become comparable.
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Three Dimensional Analysis: Instrumented Cold Hole Expansion

The strain data corresponding to the upper face of the plate during the hole expansion
were extracted from the ANSYS models (Fig. 3-6) with different coefficients of friction.
MatLab was then used to obtain estimates of the strains over the required gauge locations.
Fig. 5-14 compares the finite element results with the strains recorded during the
sequential hole expansion process, for the first expansion. For both gauges G1 and G2
(see Fig. 4-4), the finite element results capture the overall response of the system. The
overall pattern of the experimental and modelling results confirms that a simple two
dimensional model would not be capable of capturing the three dimensional nature of the
expansion process. The recorded strains for Gl of 4.5%, which would be considered the
average value over 1.5 to 1.8 R, shows that even for a 2% level of expansion, there is a
large plastic zone. The response of the gauges applied before and after the expansion
process was consistent in subsequent loading. This demonstrated that the gauges were not
damaged during the expansion process, and that the recorded strains are valid.

The closest agreement of the experimental results and the model were obtained for
u=0.30. This value was then used in the high resolution finite element model. The
tangential stress results of the model are shown in Fig. 5-15.

The figure shows the results of a 2% expansion level experienced by the model
shown in Fig. 3-6(b) for a separation distance 3R. The fine mesh in the vicinity of the
hole helps in capturing the high stress gradient. The surface and subsurface compressive
stresses vary by 50% through the thickness of the plate, and by up to 70% around the
circumference of the fastener hole. The reduced stiffness of the component due to the
closely spaced adjacent fastener hole is exhibited in the reduced peak stress observed on
the left side with respect to the right side. Of particular interest is Fig. 5-15(b), which
illustrates that the subsequent expansion of the adjacent fastener hole reduces the
compressive tangential stresses at both sides of the original hole. Furthermore, there
exists large tensile residual stresses between these adjacent holes. This emphasises that
extreme care must be taken in the analysis of the fatigue fracture behaviour, when closely

spaced fastener holes are considered.
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5.2 Dynamic Modelling of Shot Peening

5.2.1 Validation of the Model

In order to verify our model, a comparison with the work of Edberg et al. [91] was
conducted. The target and shot characteristics considered for verification were the same
as those selected by Edberg et al. [91]. It should be noted, however, that these parameters
do not represent true peening parameters, but this case was the only comparable published
work available. While not identical, the results demonstrated substantial agreement.

The algorithms employed in the dynamic analysis of the impact utilise damping
coefficients to reduce high frequency oscillations. For the single shot model investigated,
this results in a decrease in the total energy of the system of 1.8%. This error resulted in a
slight difference between the increase of the internal energy of the target and the change

of the kinetic energy of the shot.

5.2.2  The Single Shot Model

Five aspects of the single shot model were examined. The first was concerned with the
effect of the shot velocity, the second with the shot size and shape, the third with the
effect of shot obliquity and friction, the fourth with the strain hardening coefficient and
the fifth with strain rate sensitivity upon the plastic zone development and unloading

residual stresses.

Effect of Shot Velocity

The single shot finite element analysis was conducted on high strength steel targets of
mass density p=7800 kglm3 and a modulus of elasticity E=200 GPa. The elasto-plastic
behaviour was assumed to be bilinear with an initial yield stress 6,=600 MPa and a
strain-hardening coefficient H=800 MPa. The shot used was assumed to be rigid with a

radius R and velocity v.
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Fig. 5-16 Effect of shot velocity upon (a) equivalent plastic strain versus
depth and (b) normalised transverse residual stress versus depth.
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Three different impact velocities were used: 50, 75 and 100 m/s. The model was
conducted using a steel shot with a radius R=0.5 mm. Fig. 5-16(a) and (b) show the
variation of the equivalent plastic strain €’ and normalised unloading residual stress
O'xx/Co, beneath the centre line of the shot, with the depth of the treated target for the
three impact speeds selected. These figures reveal that a 100% increase in the shot
velocity results in: (i) an increase in the maximum equivalent plastic strain by 65%, (ii) a
significant increase in the depth of the compressed layer, and (iii) an insignificant change
in the position and the magnitude of the maximum residual o’y stress. It was also
interesting to note that the change in the residual stress from compression to tension

coincides with the limiting depth of the plastic zone.

Effect of Shot Size and Shape

Fig. 5-17 shows the 0’ stress trajectories for the entire target, while Fig. 5-18 shows the
corresponding normalised residual stress 6'x,/0, beneath the centre line of the shot for
different shot radii. The shot was assigned a velocity v=75 m/s and the target material
was assigned a strain hardening coefficient H=800 MPa. Interestingly, the results indicate
that in spite of the increase in the volume of the plastically deformed material with the
increase in the shot radius, the magnitude of the surface and maximum subsurface
residual stress 0'xx remain unchanged. However, the position at which the maximum

subsurface stress takes place increases with the increase in the shot radius.

The work also accounted for the effect of the shape of the shot upon the
normalised residual 6”x/G, variation with depth. In this case, the shot was modelled in the
form of an ellipsoid with major and minor dimensions being a and b, respectively. Mesh
refinement was used to ensure the validity of the results. Fig. 5-19 shows clearly the
effect of the aspect ratio (a/b), for the same mass of the shot, upon the residual stress
field. It was worth noting that the decrease in the aspect ratio results in an increase in the
maximum subsurface residual stress 6’ . This was, however, coupled with an increase in

the surface roughness of the target, as evidenced by Fig. 5-20(a) to Fig. 5-20(c), where a
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pronounced pile-up was apparent for the case when a/b=0.5. In typical shot peened
components, multiple indentations resulting from full coverage will reduce the effect of

the pile-up.

(©

Fig. 5-17 Stress contours for (a) R=0.25 mm, (b) R=0.5 mm and
(c) R=1.0 mm.
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(a)

(©)

Fig. 5-20  Effect of shot shape upon the transverse residual stress contours: (a) shot
aspect ratio a/b= 2, (b) a/b= 1 and (c) a/b=0.5, for tl}c same shot mass with
velocity v=75 m/s and target strain hardening rate H=800 MPa.
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Effect of Shot Obliquity and Friction

A large amount of the kinetic energy of the shot in any peening treatment is expended in
plastic work. If the travelling shot impinges the target obliquely, then the kinetic energy
available for plastic work is reduced since only the normal component of the velocity will
contribute to it. The tangential component will only influence the geometry but not the
depth of the indentation. Fig. 5-21 and Fig. 5-22 show the effect of the impact angle upon
the depth of the compressed layer as well as the residual stress field for an impact velocity
v=75 m/s and obliquity (&) of O through 60 degrees using H=800 MPa and p=0.2. The
results show clearly that: (i) depth of the plastic zone decreases with increasing obliquity,
(i1) the maximum compressive residual stresses decrease with the increase in obliquity
and (iii) an asymmetric plastic zone develops as a result of the obliquity. Fig. 5-23 shows
that, for an incident angle of 45°, the depth of the compressive layer beneath the centre of
impact was not affected by the coefficient of friction. While increased friction did
decrease to a small degree the maximum subsurface stress, it has a significant affect upon

the surface stress.
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Fig. 5-21
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(c)

Effect of shot obliquity upon transverse residual stress contours.
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Effect of Target Hardening Characteristics

The effect of target hardening characteristics was examined by assigning different
hardening coefficients H to the assumed bilinear material model. The shot radius and
velocity selected were 0.5 mm and 75 m/s, respectively. Fig. 5-24 shows the residual
stress variation with the depth of the target for three different values of hardening rates,
50, 800 and 1600 MPa. These values correspond to H/E=0.025%, 0.4% and 0.8%,
respectively. The following observations can be made from Fig. 5-24. Increasing the
hardening coefficient of the material results in an increase in the depth of the compressed
layer, little or no change in the magnitude of the maximum subsurface residual stress,

O, and a decrease in the surface residual stress.
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Fig. 5-24 Effect of strain hardening rate upon normalised transverse residual
stress distribution beneath the centreline of the shot for a velocity
v=75 m/s and radius R=0.5 mm.

Effect of Strain Rate

The commercial code LS-Dyna was used to investigate the effect of strain rate upon the
unloading residual stresses and plastic zone development. The shot radius and velocity
selected were 0.5 mm and 75 m/s, respectively. LS-Dyna results were compared with

ANSYS for rate independent material behaviour. The results of the two codes were in
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good agreement, providing additional evidence of the accuracy and validity of the finite
element models used. The coefficients used in the Cowper and Symond overstress model
were C=1200 and p=5 [84]. Peak strain rates were reported to be on the order of 10° s\,
The results reveal that the elevated yield stress near the surface results in higher
compressive and tensile residual stresses, but have no apparent effect on the surface
residual stress (Fig. 5-25). The depth of the compressed zone was also reduced. However,
the “overall” features of the strain rate sensitive and insensitive models were comparable.
This, combined with the general absence of reliable data in the range of the strain rates
experienced in the shot peening process, lead the author to conclude that the strain rate
insensitive models were sufficient for evaluating the effect of the parameters investigated

within this research.

5.2.3 Dynamic Simultaneous Impact Model

The work was further extended to account for the effect of two shots impinging the target
simultaneously. Special attention was devoted to examining the effect of the separation
distance between the shots, impact velocity and target hardening characteristics upon the
resulting residual stress field.

Let us now focus our attention to the dynamic simultaneous impact results. Fig. 5-
26 shows the effect of the separation distance upon the residual stress, 6’x. The analysis
was conducted using the mechanical properties outlined in the single shot model with
separation ratios C/R= 1, 1.5 and 2. The effect of the separation ratio upon the residual
stress field is evident at the centre line of the target, where interactions from the co-
indenting spheres take place. However, insignificant interactions take place beneath the
centre line of each shot, as evidenced by the distribution of the residual stress there.

The effect of the kinetic energy of the impinging shots for different separation
ratios is shown in Fig. 5-27 (a) and Fig. 5-28(a) at the centre line of the target and in Fig.
5-27(b) and Fig. 5-28(b) beneath the centre line of the shot. The residual stress
distributions of Fig. 5-27(b) and Fig. 5-28(b) resulting from simultaneous impact were

very similar to those obtained from the single shot model. However, the single shot model
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is incapable of predicting the relatively large compressive residual stresses present at the
centre line of the target between the co-indenting shots, depicted in Fig. 5-27(a) and Fig.
5-28(a). These figures indicate that the maximum compressive stresses occur at the
surface of the target. The transition from compression to tension occurs at comparable
distances to those observed beneath the shot. The effect of the strain-hardening

characteristics of the target was very similar to that observed in the single shot model.

5.2.4  “Realistic” FE Modelling of the Shot Peening Process

Building upon the previous work, a model of multiple arrays of shots, was developed. Of
particular interest was the effect of the separation distance and the sequence of impact.
The target was modelled as high strength steel and the shot was assumed rigid of radius
R=0.5mm and velocity v=75 m/s. Given below are the results from the modelling of four
arrays of shots impinging on the target with separation distances of C/R=1 and C/R =2
within a given array of shots. The arrays were offset and no interference between
subsequent waves was allowed.

Examining Fig. 5-29, we observe that the stress contours resulting from the fourth
array when C/R=2 were similar to those developed after the first array when C/R=1.
Examining the corresponding normalised stress profiles beneath the centre of the shot in
Fig. 5-30 and Fig. 5-31, as well as for the twin impact model (Fig. 5-26(b)), it was
observed that all cases have similar profiles beneath the centre of the shot. It was
therefore concluded that the sequence of impingement has little effect upon the resulting
residual stress field beneath the shot for C/R>2. Comparing Fig. 5-26(b) and Fig. 5-31(b),
the depth of the plastic zone beneath the centreline of the shot increased. This was a result
of the adjacent impacts limiting the spread of the plastic zone in the plane of the target
surface. However, the maximum surface and subsurface compressive residual stresses
were unchanged beneath the centre of impact. Study of the residual stress profiles at the
centreline between the location of the shot impacts in Fig. 5-26(a) and section B-B in Fig.
5-31(b) shows again an increase in the depth of compressed material without a significant
increase in the maximum compressive stress. The resulting profile is significantly

different, with the residual stress profile rapidly decaying for the twin impact model. This
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is because of the large plastic strain induced in the material by the muitiple impinging
shots.

Fig. 5-30 and Fig. 5-31 highlight several important features arising from the
overlap of the impacts from subsequent closely packed shot arrays. Firstly, the maximum
surface and subsurface compressive stress increase with the overlapping shot arrays.
Secondly, along all three sections in Fig. 5-30, the surface compressive stress increases
after the fourth series of impacts. Thirdly, after the fourth array has rebounded, the
maximum compressive stress beneath the centreline of the initial shot impact (A-A) was
observed to be at the surface. Whilst the surface stress has increased, the maximum
compressive stress has decreased significantly. Comparison of C-C after the first impact
and A-A after the fourth in Fig. 5-30 shows that both exhibit similar features. However,
the final subsurface residual stress beneath the initial impact point is less than that
between the shots of the first impact. Moreover, Fig. 5-32 shows that the depth and
magnitude of the plastic zone beneath the initial impact did not change. The plastic zone
development and elastic recovery from the shots subsequent to the first array effectively

negate the initial compressive stresses.
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distance of (a) C/R=1 and (b) C/R=2.
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Fig. 5-30 Normalised transverse residual stress field for a separation distance
of C/R=1 after rebound of (a) first and (b) fourth shot arrays.
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Fig. 5-31 Normalised transverse residual stress field for a separation distance
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5.3 Incremental Hole Drilling Method

Titanium Ti-6Al-4V coupons, supplied by Pratt & Whitney Canada, measuring 41 mm in
diameter by 10 mm thick with an initial yield stress of 6,=1024 MPa were subjected to a
range of intensities of different peening treatments, from light (4N) to moderate (8A).
These were then examined using the incremental hole drilling method. Measurements
were made on each coupon, and the results show the average of three trials on each of two
tested coupons per treatment, with a minimum deviation between trials amounting to a
maximum error of 5%. Typical measured strains in the three gauges of the rosette are
shown in Fig. 5-33. For the initial depths, the equal strains in all orientations were

indicative of the equal biaxial residual stress field.
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Fig. 5-33 Measured relaxed strains in peened Ti-6Al-4V to an Almen
intensity of 8A.

Fig. 5-35 and Fig. 5-37 show the residual stress distributions obtained for the
titanium coupons subjected to both steel and glass shot peening treatments, respectively.
The coupons were also subjected to different levels of peening treatment. Each figure
shows the results obtained using the incremental hole drilling technique. The equal
biaxial stress field was calculated using equation (4.4). The strain & was taken as the

average of the three strains indicated by the three gauges. While the data was recorded in
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increments of 6.35 um (0.25x107 inch) near the surface and 12.7 um (0.5x107 inch)
beyond 0.2 mm, the inversion technique was applied with 4 increments of 0.0127 mm
(0.5x107 inch), 20 increments of 0.0254 mm (1.0x10%inch), 14 increments of
0.0635 mm (2.5x10” inch), and 10 increments of 0.127 mm (5.0x10~ inch).

Fig. 5-34 provides a baseline using an unpeened sample for comparisons with
other cases. Fig. 5-35 and Fig. 5-36 illustrate that with increasing peening intensity: (i)
the level of the surface compressive stress increases, (ii) the level of the subsurface
compressive stress increases, (iii) the depth of the maximum compressive stress does not
change and (iv) the depth of the compressed layer increases.

There is no method for reliably determining the shot velocity or velocity
distribution during the peening treatment. However, for a given class of shots, the
peening treatment is primarily controlled by adjusting the pressure of the air stream
carrying the shot, thereby increasing or decreasing the velocity. In comparison with Fig.
5-16, the increase in the depth of the compressed zone corresponded with the predictions
of the finite element shot peening model, as did the consistent depth of the maximum
compresstve residual stress. The increased velocity would also result in an increased
strain rate. The increased maximum compressive stresses shown in the strain rate
sensitive model was also reflected in the experimental data (Fig. 5-25). In all cases, the
measured residual tensile stress levels were insignificant.

The conclusions reached from the examination of the specimens subjected to glass
bead peening (Fig. 5-37) agree with those obtained for the steel shot. Of particular note
was the similarity of the residual stress profiles measured for the two 10N treatments.
Both the steel (Fig. 5-35) and glass shot (Fig. 5-37(b)) result in a comparable subsurface
compressive stress and depth of plastic zone. While the peening intensity does not
provide any direct information about the compressive stress field resulting from the

treatment, these results indicate that there is a reasonable measure of repeatability.
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Fig. 5-34 Residual stress distribution for unpeened coupon.
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Fig. 5-35
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The above results were obtained using the calibration coefficients resulting from
the linear-elastic finite element analysis described earlier. However, if the magnitude of
the residual stress field is close to the yield strength, the stress concentration caused by
the presence of the hole may induce plastic strains in the neighborhood of the hole. As a
result, considerable errors may result in the stresses calculated using equation (4.4). This
problem has been studied both experimentally and analytically by other investigators [92-
94]. It was found that the errors were negligible when the residual stress is less than 70%
of the yield stress. In the present work, the maximum residual stress measured for all
treatments, except for the case where the Almen intensity was 8A, was below this
threshold. Therefore the results for the 8A intensity should be viewed with caution.

The attenuation of the strains is clearly visible in Fig. 5-33, where the total
relieved strain is shown to be predominantly influenced by the stresses close to the
surface. It is shown that beyond a depth of 200 um, the incremental strain relaxation A¢
decreases with increasing hole depth. As a result, the relative error in the measured strain
increases as the hole depth increases. The absolute error present in the measurement
affects ihe accuracy of the stress value. Fig. 5-38 illustrates this effect for the increments
investigated. Clearly evident is the trade off required between spatial resolution and
accuracy of the estimated stress levels.

A final issue which must be addressed is the sensitivity of the technique to the
determination of the initial contact of the milling cutter with the specimen. Fig. 5-39
shows the effect of adjusting the assumed contact height upon the resulting residual stress
profile. The figure shows the effect of adjusting the contact height by a total of 6.35 um
(0.25x107 inch) for the finest inversion increment. This figure clearly shows that a small
offset in the initial point of contact has a negligible effect on the measured maximum

compressive stress.
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Concluding remarks

The peening residual stress profiles are characterised by the following:

(i) the residual stress fields are typical of those encountered in peened components
and obtained using different measurement techniques [95],

(i1) the experimental results agree with the predictions from the single shot non-linear
dynamic finite element model, and

(iii)  the peening intensity gives a reasonable measure of the consistency of the

treatment.

Unlike the averaging ASTM E-837 approach, the current modified hole-drilling
method is capable of calculating high stress gradients and thus allows the detection of the
transition from compression to tension in a peening residual stress field and better

estimates of the peak subsurface compressive stress magnitudes.
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5.4 Ultrasonic Characterisation of Stress Field

54.1  Applied Stress Field

The first step in the application of the LLW technique to the measurement of residual
stress was to evaluate the technique’s capability to measure the stress state in a body. A
uniform aluminium 7075-T651 specimen was incrementally loaded to 50% of its yield
strength (6,=500 MPa) and the Lamb modes were acquired for incident angles of 16°,
18°, 20° and 22°. The Modal Frequency Spacing (MFS) [73] technique was used to
calculate the resulting effective transverse wave velocities for the loaded specimen. Fig.
5-40 shows the effective transverse wave speed as a function of the incident angle. It
indicates that the test sample has texture induced anisotropy. The results also illustrate the
capability of the technique to measure applied stresses. The overall change in wave speed
of approximately 1% at 0.56, agrees well with values available in the literature for

aluminium [86].
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Fig. 5-40 Variation of effective transverse wave velocity with applied stress,
as determined by the LLW and MFS techniques.
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5.4.2 LLW Analysis of Cold Expanded Holes

As detailed in Chapter 4, the leaky Lamb wave technique was applied to a plate with
sequentially expanded fastener holes. There was no observable effect from the resulting
residual stress field and/or regions of cold work when scanned perpendicular to the axis
of the holes. However, scanning using the leaky Lamb wave with the polarisation
direction being parallel to the hole axes resulted in a measurable change in the plate’s
dispersion curve. Applying the Modal Frequency Spacing (MFS) analysis technique to
the data, it was possible to identify regions subjected to the influence of the cold work
process (Fig. 5-41). For comparison, the two dimensional finite element results are
presented for the Gxx residual stress field (Fig. 5-41(a)). In all cases, the lower hole was
expanded first. The results lead to three conclusions. First, the regions showing the large
change in the MFS corresponds to the highly stressed region in the FE model. Secondly,
the observed change in the MFS is 6%, which is much higher than that observed for the
uniform applied elastic field. The acoustoplastic effect must play a significant role to
account for this large change in the signal. Thirdly, for the case under study, the 16°
incident angle data provided information regarding the residual stress field, which was
not evident in the 22° incident angle data. This is attributed to the volume of the material
interrogated by the ultrasonic signal. Due to the oblique nature of the ultrasonic beam, the
greater the incident angle, the larger the region under test, resulting in greater averaging
of the changes, and a reduction in discriminating between those changes in the sample as

a result of the treatment.
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Fig. 5-41 Change in sequentially cold hole expanded specimen: (a) Oxx from
2D finite element analysis and (b) average LLW MFS at 16°
incident angle with measurements taken parallel to axis of holes.

C-Scan Analysis of Cold Expanded Holes

As outlined in section 4.4, the above treated specimen was subjected to ultrasonic C-scan
to investigate the area around the holes after the cold expansion treatment. The signals
were analysed by examining the change in the time of flight. The average flight time
between the first three to four echoes was used. Fig. 5-42 illustrates the averaged time for
the two oscilloscopes employed. In these figures, the hole on the right was expanded first.
The change in the wave speed shown is on the order of 1%. Contrasting Fig. 5-42(a) and
Fig. 5-42(b), the random interleave sampling technique employed by the PM 3380
oscilloscope to obtain higher time resolution is successful. It provides a clearer overall

map of the specimen. The entire returned signal from the PM 3380 was also
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autocorrelated in order to calculate the lag in the signal resulting from all subsequent
echoes (Fig. 5-42(c)). The figure shows that autocorrelation can further enhance the
interpretation of the data and provide a clear image of the area of interest. However, as
expected, the observed changes do not correspond to the predicted residual stress field
shown in Fig. 5-41(a). The normal incidence longitudinal wave responds to changes in
the stress state in the direction of propagation. The through thickness components of
stress, as determined by the three dimensional finite element models, were negligible.
Consequently the lack of change in wave speed was expected. However, as shown in Fig.
5-43, the change in the wave speed agrees well with the developed equivalent plastic
strain distribution.

Concluding, the traditional C-scan methodology is incapable of measuring the
variation of the residual stresses parallel to the accessible surface. The leaky Lamb wave
technique, however, shows marked response to the stress and plasticity states. While the
current theory cannot invert the data to provide quantitative evaluation of the stress field
for this geometry at the present time, the experimental results show that such an effort

will succeed.
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Fig. 5-43 Two dimensional equivalent plastic strain for cold expanded hole.
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54.3 Shot Peened Specimens

This section addresses the work carried out in modelling and measuring the LLW

response to the shot peening induced residual stresses.

Modelling of Leaky Lamb Wave Response

The net stress through the section of all three models detailed in section 3.4.3 was zero,
which is indicative of an equilibrated residual stress field. In this case, employing a time
of flight approach will not yield a measurable change. On the contrary, the use of the
LLW will show a measurable change in the dispersion curve. Fig. 544 shows the
predicted changes in the dispersion curves with respect to the unstressed plate.
Examination of this response shows that the shift is a function of both modal line (or
frequency) and incident angle, increasing non-linearly with both. For the given system,
each modal line represents approximately 0.32 MHz at 16° incidence, increasing to 0.65
MHz at 26° incidence. The shift represented ranges from 0.3% for a 1.6 MHz mode for
an incident angle of 16° through 0.15% for a 15 MHz mode for an incident angle of 26°.
This non-linear response enabled the differentiation of the two residual stress profiles
examined. The variations ranged from -15 to +10 kHz over the 0-15 MHz frequencies
and 16° through 26° incident angles studied. This confirms that the model, which
neglected acoustoplastic effects, can be used to discriminate through thickness stress

variations.
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Fig. 5-44 Modelled shift of Lamb modes: (a) single compressive stress layer
and (b) three-layered compressive stress.

Measurement of the Leaky Lamb Wave Response

As well as monitoring and correcting for variations in the bath temperature, it was
necessary to account for geometrical distortions due to the peening process. With the
guiding arc travelling in a fixed plane, the time of flight to receive the echo from the
upper surface of the specimen was used to construct the surface profile of the specimen.
Fig. 5-45 illustrates the surface profile for a peening intensity of 20A. The profile was

then used to calculate the point to point angular variation from the nominal value and a
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surface was fitted to the data to reduce noise. This angular correction factor was then
applied to the measurements at each location. Fig. 5-46 illustrates the data from an

aluminium specimen peened to an Almen intensity of 20A before and after correction.
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Fig. 5-45 Surface geometry of a shot peened specimen to an Almen intensity of 20A.
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Fig. 5-46 Effect of angular correction on LLW data: (a) original data and (b)
corrected data.

The LLW technique is sensitive both to stress state and material variations, as
shown in Fig. 5-40. From the LLW modelling results, the response of the LLW signal

was expected to be on the order of the variation for the material microstructure. To isolate
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the signal resulting from the shot peening treatment and to maximize the signal to noise
ratio, aggregate measurements were taken over the peened and unpeened portions of the
specimens. The modal frequencies obtained at each point and incident angle were
corrected as detailed above. These were then combined into two groups, representing the
peened and unpeened portions of the plate. The resulting differences at each angle and
modal line are shown in Fig. 5-47. Four points should be observed at this point. First, the
average Lamb mode decreased in frequency for the peened sections. If the shift were

solely due to a reduction in the thickness of the component due to aggressive peening
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Fig. 5-47 LLW modal frequency shift with peening intensity.
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treatment, the modal shift would be to the right. Secondly, Fig. 5-47 illustrates that the
variation of the Lamb modes is a function of both frequency and angle. This was as
predicted in the modelling of the LLW modes for a plate with a shot peened residual
stress profile. The shift of a modal line increased with increasing mode number
(frequency). The magnitude of the measured shift was greater than that predicted by the
model. This was attributed to the simplifications adopted in the model, including not
accounting for plasticity and acousto-plastic effects. Third, the sensitivity of the LLW
technique increased with increasing angle of incidence. This was a trade off with possible
spatial resolution, as the area under examination increases with increasing angle of
incidence due to oblique nature of the ultrasonic beam. Fourth, the magnitude of the shift
increases with the intensity of the treatment. This agrees with the predictions from the FE
modelling of the shot peening process. The increased intensity (velocity) results in a
deeper compressed layer and larger plastic zone. This corresponds to a thicker layer of
material subjected to decreased wave velocities, and hence larger effects upon the LLW
dispersion curve.

While traditional ultrasonic scans could be employed to examine the surface
geometry and curvature of the peened plates examined here, they are not capable of
characterising the variation of the peening treatment. The leaky Lamb wave technique,
with its low capital and operating costs, non destructive nature, deep penetration and
capability to resolve in depth variations, offers the most promising avenue for quantitative

nondestructive residual stress characterisation.
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5.5 Characterisation of Mechanically Induced Residual Stresses

The outcome of the previously discussed simulations (cold hole expansion and shot
peening) and experimental programmes can now be used to characterise mechanically
induced residual stresses. In order to account for residual stress fields in the design stage
of components, and to optimise the components for minimum weight and or maximum
fatigue life, the designer needs information regarding five key parameters concerning
mechanically induced residual stresses. These parameters are (i) the surface compressive
stress, (i) the maximum subsurface compressive stress and (iii) the depth at which it
occurs, (iv) the depth of the compressed layer and (v) the maximum tensile subsurface
stress (Fig. 5-48). In all the studies conducted, the magnitude of the residual tensile field
was small with respect to the compressive field. The majority of the fatigue fracture
behaviour of the component is therefore governed by the surface features and the five

parameters outlined.

@ Surface compressive stress

@ Maximum compressive stress

@ Depth of maximum

compressive stress
@ Depth of compressive stress layer

(5) Maximum tensite stress

Fig. 5-48 Key parameters of mechanically induced residual stresses.

The three dimensional nature of the stress field resulting from cold hole expansion
cannot be ignored. The resulting compressive stress field varies significantly through the
depth of the treated component. The commonly adopted two dimensional models

significantly over estimate the compressive stresses through the section. This is further
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exacerbated by the presence of nearby, expanded fastener holes. These findings were non-
existent.

The experimental techniques developed to extend the incremental hole drilling
technique allowed the improved resolution and measurement of the large residual stress
gradients near the surface resulting from shot peening treatments. The leaky Lamb wave
technique was shown to have greater sensitivity to stresses varying in the plane of the
inspected surface. Furthermore, the technique can be used to characterise the peening
treatment, which was not possible with traditional ultrasonic approaches. The LLW
modal response was also shown to be sensitive to in depth variations in the residual stress
profile. These developments represent a significant contribution to the characterisation of
mechanically induced residual stresses where large stress gradients play a significant role

in determining the life and integrity of many engineering components.
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Chapter 6 Conclusions and Future Work

Summary: In this chapter we state the problem, identify the objectives of the study and
outline the contribution of the thesis as well as the conclusions resulting from this work.
Furthermore, a brief description of areas that would benefit from additional future work is

provided.

6.1 Statement of the Problem

Residual stresses play an important role in determining the fatigue life of most
engineering components. For example, many welded structures experience high tensile
residual stresses at the heat affected zone as a result of high thermal gradients and
possible phase change in the material. These high tensile residual stresses promote fatigue
crack initiation and growth and may lead to catastrophic failure. In contrast, compressive
residual stresses, such as those introduced by shot peening and cold hole expansion
treatments, are highly effective in improving the fatigue strength of the treated
components. This is the reason why these cold work treatments are used in the aerospace
and automotive industries. A major impediment to the wider use and implementation at
an early design stage stems from the inability to characterise the resulting residual stress

field which governs the mechanical integrity of the component.

6.2 Objectives

It was therefore the objective of this study to determine the residual stress fields resulting
from mechanically induced residual stresses both numerically using the finite element
method and experimentally using destructive and nondestructive methods. In particular, it

was desired to:
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(i) carry out non-linear three dimensional quasi-static finite element
analysis,

(i1) conduct dynamic nou-linear three dimensional finite element
analysis accounting for contact between the mandrel/shot and the
target,

(iii) modify the incremental hole drilling technique to obtain the high
in-depth stress gradients in the residual stress profile,

(iv) implement a newly developed leaky Lamb wave technique. This
entailed the design and commissioning of an automated guided
wave facility to acquire the frequency response of multi-layered

systems and relating the output to peening treatment.

6.3 Thesis Contribution

6.3.1 Findings Relating to Finite Element Studies

Cold Hole Expansion

Extensive non-linear three dimensional elasto-plastic quasi-static finite element analyses
were carried out to evaluate the residual stress fields due to the cold expansion of two
adjacent fastener holes. The results of this investigation can be summarised as follows:

(i)  the centre distance between the two holes can dramatically influence the residual
stress field, leading to high tensile residual stresses,

(ii) sequential expansion of two adjacent holes leads to a much higher tensile residual
stress than simultaneous expansion,

(iii) sequential expansion of closely spaced fastener holes may lead to partial relief of
the compressive residual stresses on both the adjacent and far sides of the initially
expanded hole, and

(iv) the two dimensional model is incapable of accurately predicting the residual stress

variation at the entry and exit faces of the workpiece.
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Shot Peening

Comprehensive non-linear dynamic finite element analysis was conducted to simulate the
shot peening process. The effect of shot velocity, size and shape upon the time histories
of the equivalent stress trajectories, equivalent plastic strains and unloading residual
stresses of a target exhibiting bilinear material behaviour is examined and discussed. The
work was further extended to account for the effect of the hardening rate of the target
upon the residual stress field. The results reveal that the depth of the compressed layer,
surface and sub-surface residual stresses are significantly influenced by the shot velocity,
shot shape and to a much lesser extent, the strain-hardening rate of the target.
Furthermore, the work accounts for strain rate effects using Cowper-Symonds visco-
plastic model. The results also show the significant influence of the strain rate upon the
plastic zone development and compressed layer.

Since the shot peening treatment involves more than a single shot, it was prudent
to investigate the effect of multiple impacts on the induced residual stress field and plastic
zone development. Two aspects of the work were accordingly examined: the first was
concerned with examining the effect of simultaneous twin shot impact upon the outcome
of the treatment. The results, which are outlined in Chapter 5, show that interaction
effects are significant at the midplane between indentations. Undemeath each of the
impacting shots, the induced residual stress and plastic zone are predominantly influenced
by the impacting shot and interaction effects are insignificant.

The second was motivated by our desire to study the influence of multiple
indentations on the outcome of the treatment. To the author's knowledge, this is the first
attempt to model the shot peening realistically, accounting for interactions resulting from
multiple simultaneous and sequential impacts. The results are significant and should aid
the designer to account for mechanically induced residual stresses in sizing components.

Details of the findings can be viewed in Chapter 5.
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6.3.2 Findings Relating to Experimental Studies

Incremental Hole Drilling Studies

The incremental hole drilling technique was enhanced and improved to the extent that it
is now capable of determining large stress gradients near the surface of the specimen
using newly developed calibration coefficients. It was also shown that the magnitude of
the residual stresses near the surface were insensitive to a zeroing error of up to 12.7 um.
The developed technique and calibration coefficients were used to obtain residual
stress profiles for a variety of light to moderate peening intensities. The results showed

good “overall” agreement with finite element predictions.

Ultrasonic Characterisation Studies

A fully automated leaky Lamb wave test facility was designed and constructed to carry
out inspection of layered media. This included the design and implementation of
controlling hardware as well as software routines implemented within MatLab for the
efficient post-processing and analysis of the data. This test facility was then applied to
three classes of inspection related to mechanically induced stresses. The first was the
ability to distinguish uniaxial applied stress. The observed changes in the Modal
Frequency Spacing and extracted transverse wave velocity agreed well with published
data. The second application was to examine the spatially varying stress field around cold
expanded holes. The sensitivity of the technique was significantly better than traditional
ultrasonic C-scans. However, the path over which the LLW technique operates reduces its
effective spatial resolution. Thirdly, the LLW technique was successfully applied to
distinguish the peening intensity in aluminium specimens subjected to varying levels of
peening treatment. The variation was found to be a function of the peening treatment,
incident angle and the modal frequency. This was in agreement with the LLW model
developed to describe the residual stress field resulting from shot peening in terms of a
depth varying transversely isotropic layered media. The magnitude of the predicted

changes was on the same order as those observed from the experimental work.
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Future Work

During the course of these studies the following items were considered worthy of future

work:

()

(ii)

(1)

(iv)

v)

(vi)

Development of very high strain rate models to account for the rates experienced
in the shot peening process. Furthermore, it would be useful to account for the
effect of thermal relaxation in these models.

Correlating the FE results directly to the Almen intensity measurements currently
adopted by the industry.

Optimising the mechanically induced residual stress field resulting from the
treatment to maximise the fatigue life of a component made from a specific
material.

Development of a modified leaky Lamb wave probe which incorporates
independent angular adjustment and surface tracking to scan components with
complex geometries.

Development of a transversely isotropic Lamb wave model of a shot peened
component incorporating acousto-plastic effects.

Investigate the effect of re-peening upon the mechanically induced residual

stresses.
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12.7 um (0.0005") Increments
A= 10" *

-13.89 0 0 0
-14.94 -14.4 0 0
-15.83 15.45 -14.83 0

-16.64 -16.28 -15.83 -15.11






