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Abstract

During manufacture and maintenance the fuselage skin of aircraft are susceptible to
damage in the form of scratches. Normally not considered to be of major concern to
aircraft structural integrity some airlines discovered fatigue cracks had initiated at the
root of scratches. Crack propagation was in the through thickness direction and if left
untreated could cause rapid decompression of the passenger cabin. Standard repair
methodology requires patches be riveted around scratch damage and in extreme
cases could require entire replacement of affected skin panels.

Laser shock peening (LSP) is an emerging surface treatment that has been shown to
improve fatigue performance of safety critical components by inducing a surface layer
of compressive residual stress. In this work LSP was applied along the scratch damage
in an effort to restore pristine fatigue performance. The aim of the project was to
model the effect on fatigue crack growth rate of residual stress fields induced via LSP
and to validate predictions by comparison to experimental test results.

The scratches were recreated under controlled laboratory conditions using a diamond
tipped tool. This process allowed creation of reproducible V shaped scribes to
controlled depth, wall angle and root radius. Scribes of depth 50 and 150 um with
root radius 5 um were created in dogbone shaped samples of 2 mm thick 2024-T351
clad aluminium. Samples were tested in fatigue at an R = 0.1 and maximum stress of
200 MPa. The scribe damage reduced fatigue life compared to the pristine material
by a factor of 22. Scribed samples were processed using LSP treatment from different
providers that created known residual stress fields in the material. The fatigue life of
scribed samples after peening varied from a further decrease to a 13 times increase
dependent on the residual stress field induced.

An elastic-plastic crack closure based finite element model was created to determine
the effect on stress intensity factor and stress ratio of residual stress. Fatigue lives
calculated were within a factor of 2 of experimental lives. It was predicted that crack
closure was present during up to 80% of the applied load cycle due to the
compressive residual stress field. However plasticity induced crack closure actually
reduced after peening because the compressive residual stress field induced a smaller
plastic zone at the crack tip and hence reduced the plastic wake.

A residual stress based fatigue life sensitivity study was performed to optimise the
profile of the residual stress field for improved fatigue performance. The required
profile was created in test samples using LSP. The fatigue life of peened samples
increased by a factor of up to 15 however pristine life was not fully recovered. A
restriction imposed by the industrial application was peening applied to one face



only. This created an unbalanced stress field that resulted in sample distortion to
maintain equilibrium. The distortion induced out of plane bending stresses during
testing and caused premature crack initiation on the unpeened face. However using
interrupted fatigue tests it was found that although crack initiation also occurred at
the root of the scribes the cracks were arrested after 24 um of propagation. This was
consistent with the findings of the crack growth prediction model.
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1 Introduction

Several commercial airlines have discovered during routine inspections scratches on
the fuselage skin of their aircraft. These scratches were located along the
circumferential lap joints and longitudinal butt joints as illustrated in Figure 1.1. The
cause of the scratches was attributed [1] to the use of improper and sharp tools
(putty knives, razor blades etc.) during paint stripping and joint sealant removal prior
to repainting of the aircraft fuselage. The joints extend the length of the fuselage and
so the scratch marks have the potential to be multiple metres in length. Aircraft
fuselage skin is load bearing and highly stressed in the region of joints. The scratches
are of the order of 100 um deep and although they are not of concern to the aircrafts
static structural strength, the scratches are a point of stress concentration and during
service are source for fatigue crack initiation.

Longitudinal Lap Joint

Sealant
calan Outer Skin
| |
[ 4 |
Inner Skin
Scribe Mark
Circumferential Butt Joint
Sealant
Forward Skin /\ Aft Skin
[ | L J I |
Splice Plate

Scribe Marks

Figure 1.1: Schematic of aircraft longitudinal and circumferential joints
demonstrating location of scratch damage

Modern aircraft are designed using the damage tolerance methodology. This ensures
that the duration between service intervals allows repair of a fatigue crack before it
can propagate to a critical length. Fatigue crack initiation in fuselage skin is usually at
fastener holes or at skin panel edges and so the cracks are relativity easy to detect. As
mentioned the scratches were caused prior to fuselage repainting meaning they can
be hidden by the new paint or sealant and this can make detection difficult during
maintenance inspections. Also fatigue cracks can initiate at multiple sites along the
scratches and then coalesce to form a single crack of considerable length. Crack
propagation from the scratches is in the skin through thickness direction as shown in
Figure 1.2. When the crack has reached the opposing skin surface it will then
propagate along the fuselage. The potential consequence of the scratch damage on




fatigue life was of such concern that several aviation authorities have issued
airworthiness notices detailing specific inspection requirements for airlines [1-3].

Scratch Damage

Figure 1.2: Cross section through skin joint showing fatigue crack propagation from
scratch damage [4]

The standard repair method for scratches would require cutting out the affected
section and repair with a riveted patch or replacement the entire skin panel. This
procedure is both labour intensive and expensive. In fact one airline was forced to
retire six Boeing 737-200 aircraft early due to scribe marks at fuselage joints with the
airline stating the aircraft were beyond economical repair [5].

An alternative solution was proposed; surface treat the fuselage skin where the
scratches are found using Laser Shock Peening (LSP). The LSP process involves firing a
focused beam of laser light at the surface of the material creating a residual
compressive stress field. The idea is that the compressive residual stress field will act
to inhibit fatigue crack initiation or arrest propagation of the through thickness
direction fatigue cracks. The advantages normally associated with LSP compared to
other surface treatments is that it offers a deeper compressive residual stress field, is
more controllable and it does not damage the surface finish. The associated
disadvantages are it has a relatively high cost and can be a slower process.

There are two scenarios when LSP is applied to the structure. The first is during
aircraft manufacture and the second as repair after detection of scratches during
maintenance. There are key differences between these two scenarios. As a
manufacturing process LSP can be applied to both sides of the fuselage skin and the




scratch damage, if it were to occur, would happen after peening. In contrast as a
repair method it would only be practical to apply LSP on one side of the fuselage skin
and peening would be applied to an already scratch that may already have caused
initiation of a fatigue crack. In the current research LSP was considered as a repair
process only.

Extensive work has been published in the literature to develop LSP processing
techniques. The effect on fatigue life of LSP has also received significant attention for
various application requirements. However no systematic studies have been
published that connect the LSP induced residual stress field with the effect on
baseline fatigue life. Furthermore very limited work has been published on the
application of LSP treatment to thin sheet material such as fuselage skin. The aim of
this project was to fill this gap in the current knowledge.

1.1 Project Objectives
The objectives of the research were:

e To measure the effect on fatigue crack initiation, propagation and total life of
laser shock peened thin sheet aluminium containing mechanical defects in the
form of surface scratches (scribe marks). To compare the effect on fatigue life
of different residual stress fields induced by laser shock peening.

e To develop a fatigue life prediction model for scribed thin sheet material that
contain residual stress fields.

e To investigate using elastic-plastic finite element analysis the effect on crack
closure of residual stress.

e To use the fatigue life prediction model to investigate the effect on fatigue life
of the characteristic features of residual stress fields. To use the findings of
the study to determine the residual stress field to restore the fatigue life of
the mechanically damaged material to that of pristine material. To validate
the proposed repair via sample manufacture, laser peen treatment and
fatigue testing.

1.2 Methodology

The methods used to achieve the objectives are described. The mechanical scratch
damage found on aircraft at the fuselage joints is variable in depth and shape along
the scratch line. The variability of damage is not ideal for controlled investigation of
the effectiveness of laser shock peening as a repair method. To simulate in a
laboratory setting the scratch damage, a diamond tipped tool was used. The diamond
tool produced a consistent rounded tip V shaped notch along the scribed line to
precisely controlled depths.




The effect on fatigue life of scribe depth, loading condition and laser shock peening
treatment was studied using dogbone shaped test specimens of 2 mm thick 2024-
T351 clad aluminium. The test samples were first scribed to depths of 50 or 150 um
and then tested in constant amplitude fatigue loading until sample fracture. Fatigue
testing in two applied loading conditions was considered separately, tension-tension
and four point bend. Fatigue tests were also performed at reduced maximum applied
load levels. The effect on fatigue performance of various LSP treatments was
considered. In all instances the samples were peened after the samples were scribed.
The peened test samples were characterised by measuring the effect on sample
distortion of LSP using a coordinate measurement machine and by measurement of
the LSP induced residual stress field using the incremental hole drilling method (note:
measurement of the residual stress fields was performed by research partners at The
Open University).

After fatigue testing the sample fracture surfaces were studied using a scanning
electron microscope. The effect of scratch geometry and laser peening treatment on
the fatigue mechanisms occurring was investigated. The effect of LSP on fatigue crack
growth was investigated by measurement of striation spacings on the fracture
surface.

To understand the effect on fatigue crack growth of LSP a fatigue life prediction
approach was developed. A 2D finite element model that used elastic material
properties was created of the scratch geometry in 2 mm thick aircraft fuselage
material. The model assumed crack initiation occurred on the first applied load cycle
based on gathered experimental evidence. The crack was advanced from the scribe
root and stress intensities factors (SIF) were calculated at multiple crack lengths.
Residual stress was input to the FE model as an initial condition and the effect on SIF
range and stress ratio was determined. This data was then input to fatigue crack
growth equations based on experimentally measured crack growth rates and fatigue
lives were calculated. A finite element model that used elastic-plastic material
properties was also developed. The effect of the induced residual stress fields on
plasticity induced crack closure was studied by use of contact conditions along the
crack path in the model.

A method was developed to determine an optimum residual stress field profile. This
approach considered the effect on fatigue life of various aspects of the residual stress
profile such as depth and peak stress. Once determined the optimum profile was
peened by the project’s LSP partners and fatigue samples tested to determine validity
of the predictions.




1.3 Thesis Structure

In chapter 2 a literature review is presented. The theoretical background of fracture
mechanics and classical fatigue life prediction methodologies are presented. The
sources of residual stress in components and its effect on fatigue performance and
crack closure are reviewed. Methods used to predict the effect on fatigue crack
growth of residual stress are detailed and specific note is made of comparisons
between fatigue life predictions and experimental measurement of fatigue life. The
effect on fatigue performance of scratch damage is reviewed. Finally a description of
the LSP technique is provided and applications of LSP to improve fatigue performance
are reviewed. Particular attention is paid to applications of LSP to thin sheet material
(<3 mm).

In chapter 2.4.7 the experimental procedures are described. The test material is
characterised and the test sample geometries are presented. The method used to
‘simulate’ real world scratches in the laboratory using diamond tipped tools is
detailed. The parameters are given of the LSP systems used for peening treatment.
The fatigue test procedures and test parameters used are described. The procedures
used for fractographic inspection are detailed.

The experimental results are in Chapter 4. The physical effect on the fatigue
specimens of LSP treatment is described. Tension-tension and four-point bend fatigue
test results are presented. Calculated fatigue crack growth rates from striation-
spacing measurements and crack length at final fracture are given.

In chapter 5 modelling techniques used to study the effect on stress intensity factor
of residual stress are described. A finite element model was developed and is
detailed. The effect on the residual stress field of crack advance from the scribe root
is studied. Also the effect on the stress intensity factor and the stress ratio are
reported.

Chapter 6 expands the FE model presented in chapter 5 to include elastic-plastic
material effects. Specifically the effect of prior loading history on the current crack tip
stress state in the form of plasticity induced crack closure is investigated. The effect
of residual stress on crack closure was studied and the results of the analysis are
presented.

Presented in chapter 7 are predicted fatigue lives of cracks advanced from the root of
scribes through residual stress fields induced by LSP. Comparison is made between
predicted results and experimental results. The main characteristic features of
residual stress fields induced by LSP are identified and the effect on fatigue
performance of these features are analysed. Based on the sensitivity study




recommendations are made for the required residual stress field to restore the
fatigue performance of the damaged samples to the pristine state.

The research results are discussed in chapter 8. Chapter 9 presents the conclusions
from the research and recommendations for future work are made in chapter 10.




2 Literature Review

A literature review is given in this chapter. In section 2.1 a brief overview of the
fundamentals of fatigue and fracture mechanics is provided. Also reviewed are
fatigue crack growth (FCG) prediction models, short crack effects and finally a short
section on striation spacings sometimes found on fatigue fracture surfaces.

In section 2.2 the effect on fatigue performance of scratch damage is reviewed. This
focuses mainly on work performed at Cranfield University but also the limited other
investigations found in the literature. In section 2.3 the effect on FCGR of crack
closure is reviewed. Particular attention was paid to measurement and modelling of
crack closure in the presence of residual stress fields.

Finally reviewed in section 2.4 is residual stress. The sources of residual stress in
components is outlined and methods of measurement are detailed. Reported effects
on fatigue performance of residual stress are reviewed and particular attention is
given to residual stress fields in thin sections. Also fatigue life predictions
methodologies that include residual stress in effects are decribed.

2.1 Fatigue and Fracture Mechanics

In this section a brief overview of the concepts of fatigue and fracture mechanics are
given. Fracture mechanics is based on the assumption that all engineering materials
contain flaws or cracks where the applied stress will concentrate and from which
failure starts. For a detailed review of fracture mechanics see reference books by
Anderson [6] and Hertzberg [7].

In 1920 Griffith [8] established that a crack can form or grow only if a process causes
the total energy to decrease or remain constant. The Griffith energy balance for an
incremental increase in the crack area, dA, is expressed as:

dE_dI'I_I_dWS
dA dA  dA

=0 (2.1)

Where E is the total energy, [1 is the potential energy supplied by the internal strain
energy and external forces and Ws is the energy required to create new surfaces. The
term -d['1/dA is referred to as the strain energy release rate (SERR or G). It has been
demonstrated [9] that the SERR is equal to:

G = plane stress (2.2)

plane strain (2.3)




The SERR can be correlated to the stress intensity factor (SIF or K) using equations 2.4
and 2.5. The derivation of SIF is described below.

K =VGE plane stress (2.4)

GE

K=
1—-v?

plane strain  (2.5)

When the applied load plane is perpendicular to the crack plane it is termed mode |
loading. The crack tip stress field in mode | can be obtained using the following
equation.

Q) O
= 2.
i) =i 2
Where o is the stress tensor acting on the infinite element dxxdy whose distance

from the crack tip is defined by the polar coordinate r and 6 as illustrated in Figure
2.1

™

D dy " Oxx

Crack

Figure 2.1: Coordinate system at crack tip

The stress field at the crack tip can be expressed as:

Oxx= ;Irr cos(%) [1 — sin (g) sin (?)] (2.7)
Oyy = \/_ cos( ) [1 + sin (z) sin (320)] (2.8)
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And the displacement relationships are:

Uy = ;(; o cos( )[k—1+25m (i)] (2.10)

Uy = ;{;\/;SHI( )[k+1—2€05 (z)] (2.11)

A closed form solution of Kj, as shown in equation 2.12, can then be derived for a
through crack in an infinite plate subjected to remote tensile stress.

K;=ovma (2.12)

This can then be related to a crack in a finite plate by use of the non-dimensional
geometry factor 8 as shown in equation 2.13.

K,=Bovma (2.13)

The stress intensity factor (SIF or K) is one of the most important concepts in linear
elastic fracture mechanics and characterises the stress distribution in the vicinity of
the crack tip. It is valid only if gross yielding does not occur. However it is sometimes
necessary to account for the effect of plasticity in the vicinity of the crack tip. This is
achieved by adding the size of the plastic zone (rp) to the crack length (a) to form an
effective crack length (aef) as shown in equation 2.14.

Aepr=a+mn, (2.14)

For conditions of plane stress the plastic zone size can be estimated using equation
2.15. An empirical based estimate of applicability of plane stress is r, > (t/2).
Therefore equation 2.15 becomes equation 2.16.

_ L (kY (2.15)
rp_27t oy '

K 2
t<0.32(—)  (2.16)
Oy

For conditions of plane strain the plastic zone size is assumed to be one third that of
plane stress as shown in equation 2.17. An empirical based estimate of applicability of
plane strain is rp > (t/50). Therefore equation 2.17 becomes equation 2.18.

_ L (kY (2.17)
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Fatigue is the progressive and localized damage that occurs when a material is
subjected to cyclic loading. The maximum applied stress to cause failure by fatigue
can be far less than the ultimate tensile stress or even the yield stress of the material.
Fatigue failure starts on a microscopic scale as a minute crack or defect that gradually
grows under the action of cyclic stress until complete fracture occurs. For a detailed
overview of fatigue consult the following reference books by Suresh [10] and Schijve
[11].

A component or structure throughout its service life is usually subjected to cyclic
stress with varying upper and lower stress bounds. This type of loading is generally
referred to as variable amplitude loading however for simplification purposes it is
normal to assume constant amplitude loading usually in the form of a sinusoidal
waveform as illustrated in Figure 2.2. The terminology used throughout this thesis to
describe the parameters of the waveform is shown in Figure 2.2.

AppliedA,One applied load cycle | o Maximum stress, Omax
stress T 4
Stress amplitude,
Stress range, Oa
JiYe) o ¢_ ___ Mean stress,

Om

Minimum stress, Omin

0 Tim,e

Figure 2.2: Nomenclature to describe test parameters involved in fatigue testing

The total fatigue life can be characterised by four stages: crack nucleation, stage |
crack growth, stage Il crack growth and ultimate ductile fracture. These stages are
described briefly below however it should be noted that the transition from one stage
to another is a continuous process.

1. Crack nucleation

Above a critical level of cyclic stress grains on the surface of a material develop bands
during cyclic loading. These bands result due to sliding or shearing of atomic planes
within crystals and are called slip bands. With continued cycling the slip bands
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broaden and intensify until separation occurs and a crack is formed. Other causes of
crack initiation include dislocations and defects in the material. The number of cycles
to initiate a crack frequently account for the majority of the total fatigue life.

2. Stage | crack-growth

Stage | crack growth is when the crack initially develops along the slip plane of the
grain in which it was formed. This stage is characterised by the crack being orientated
at an angle to the surface but not normal to the applied load. Crack nucleation and
stage | crack growth are governed by the stress concentration factor K; where K; is
the ratio of local stress to global stress.

3. Stage Il crack-growth

The transition from stage | to stage Il occurs when the crack tip plastic zone is large
enough to activate many independent slip systems. These slip systems are no longer
dependent upon crystallographic orientation and therefore the crack can propagate
according to the prevalent loading conditions. In stage Il crack growth the crack
propagates across other grains normal to the loading direction. This growth occurs
not as a consequence of any structural damage but as a result of the stress
concentration effect at the crack tip as it becomes sharp during unloading.

Stage | and stage |l crack growth are often grouped together and the total fatigue life
Ntot is characterised using equation 2.19.

Nee=N;+N, (2.19)

Where N; is the number of cycles until crack initiation and N, is the number of cycles
to propagate the crack to fracture.

4. Ultimate failure

Failure of the material occurs when the crack extends in a rapid and unstable manner.
The fracture toughness (K. or Kic) of a material indicates the strength of the material
in the presence of a defect or crack. The fracture toughness is also affected by
thickness with thin sections having greater toughness than thick sections. The
fracture surface of thin sections are generally characterised by shear lips as a result of
the high energy fracture known as plane stress fracture. The fracture surfaces of thick
section are flat and known as plane strain fractures.

Crack propagation rate depends primarily on crack length, the applied stress range
(Omax - Omin) and the stress ratio (R = Omin / Omax). The stress intensity factor approach
accounts for these parameters as demonstrated in equation 2.20 and 2.21.
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AK =Kopgr-Kmin  (2.20)

K. .
R=—""2 (2.21)
Kmax
The value of Knax is always dependent on omax in the form of equation 2.13. However
the value of Kmin can be influenced by other effects such as crack closure which will
be discussed in more detail in section 2.3.

2.1.1 Models for Prediction of Fatigue Crack Growth Rate

Paris [12] was the first to report a relationship between the fatigue crack growth rate
and the stress intensity factor range as shown in equation 2.22 below where C and n
are material constants determined experimentally.

da
— =C(AK)™ (2.22
o =CAK)" (2.22)
The formula describes the linear portion of the log-log plot of da/dN vs. AK as shown

in Figure 2.3. This figure illustrates the typical fatigue crack growth behaviour of
metals.

Log da/dN

|
AKtn Log AK Ke >

Figure 2.3: Typical fatigue crack growth behaviour in metals

The major limitation of the Paris equation is that the material constants must be
determined for different load conditions. Under constant amplitude loading FCGR will
only be influenced by the stress ratio R which cannot be taken into account by this
law. Other researchers have developed equations which describe all or part of the
da/dN vs. AK relationship. The Walker equation [13] was an enhancement of the
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Paris equation that accounted for the effect of stress ratio on FCGR. The Walker
equation is shown below where m is an exponent that controls the shift in the crack
growth data.

da D\
— =C(AK(1 — R)™ V)" (2.23)
dN
The Forman equation [14] is a further improvement on the Walker equation that
accounts for the upper portion of the da/dN vs. AK curve. The Forman equation is
shown below where K. is the fracture toughness of the material as shown in Figure
2.3.

da _ CQK)"
dN ~ ((1 - R)K; — AK)

(2.24)

Klesmil & Lukas [15] modified the Paris equation to account for material threshold as
shown in the equation below.

da
The NASGRO equation [16] accounts for the complete fatigue crack growth curve and
is shown below where C and n are material constants and p and g control the slope of
the threshold and failure regions respectively.

n (1 — DKen)’
(1-p=)

2.1.2 Short Crack Effects

It was first shown by Pearson [17] that short cracks propagate at a faster rate than
long cracks when correlated against stress intensity factor range. Small cracks can
also propagate below the threshold (4Kw) of long fatigue cracks. This behaviour is
illustrated in Figure 2.4 for a given material under constant amplitude loading. Short
crack behaviour is usually more pronounced at negative stress ratios.

There is still no general consensus on what fully constitutes a short crack. Ritchie &
Lankford [18] defined a microstructurally short crack as one having length less than a
critical microstructural dimension such a grain size. They described a mechanically
short as having length less than the plastic zone size and a physically short as having
length less than 1 mm. Because of the scales involved acquisition of short crack data
is more difficult than long cracks. Characterisation of short crack growth behaviour is
time consuming, tedious, and can be subject to large experimental scatter [7].
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Figure 2.4: lllustration of fatigue crack rate data for long and short cracks

The crack growth behaviour of short cracks is further complicated if the crack is
embedded in the stress field around a notch [7]. Due to the rapidly decreasing stress
field around the notch the FCGR may decrease initially with increasing crack length.
Then depending on the local stress conditions the FCGR could accelerate with
increasing crack length or even arrest.

Experimental short and long FCGR data for 2024-T3 aluminium is compared in Figure
2.5 [19]. At constant amplitude loading with negative stress ratio of -2 (Figure 2.5 (A))
short FCGR was greater than long FCGR at the same stress intensity factor range. This
is usually attributed to two factors: plastic zone size and crack closure [6]. For
instance some authors successfully correlated FCGR data of long and short cracks
down to =20 um by correcting AK for crack closure effects (i.e. AKep) [20,21]. The
short crack threshold in Figure 2.5 (A) is not clearly identifiable however it is apparent
that it was less than long crack threshold. As seen in Figure 2.5 (A) there was a lot of
scatter in the short crack data. This is normal behaviour for short cracks which are
greatly influenced by microstructural features. The sporadic growth rate of short
cracks is often attributed to microstructural barriers such as grain boundaries and
second phase particles [22]. Short crack test results at a stress ratio of 0 (Figure 2.5
(B)) showed similar FCGR to long cracks at the same 4K in the region above the long
crack threshold. Fatigue tests performed [19] at a positive stress ratio of 0.5 (not
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shown) found short cracks actually grew at a rate slightly slower than long cracks at
the same AK above the long crack threshold.
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Figure 2.5: Comparison of short and long FCGR data for Al2024-T3 at (A) R =-2 and
(B) R=01[19]

2.1.3 Fatigue Striations

An important characteristic of stage |l fatigue crack growth is the formation of fatigue
striations on the fracture surface. Under constant amplitude loading the striation
spacing represents the increment of crack growth that occurs in one load cycle
[10,23]. As such with the aid of scanning electron microscopy fatigue crack growth
rates can be estimated from counting and measurement of striation spacings [24-27].
However not all engineering materials exhibit striations. They are clearly seen in pure
metals and many ductile alloys such as aluminium. Striations are actually ripples on
the fracture surface. The most commonly accepted mechanism [28,29] for the
formation of striation marks is the successive blunting and re-sharpening at the crack
tip with crack growth as illustrated in Figure 2.6.

Difficulties using striation counting to estimate FCGR may arise. Striation
development is strongly influenced by AK, stress state, environment and alloy
content [10]. Striations can get easily damaged due to rubbing, oxidation, corrosion
or fretting. High cycles fatigue may produce a high density of striations on the

fracture surface which cannot be clearly resolved making accurate counting difficult
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[30]. Ideally striation counting should be done across a flat surface however most
fracture surfaces are not entirely flat. Therefore striations measured on an angled
surface may result in artificially shortening of the striation spacing [30].

Aa

()

Figure 2.6: Mechanisms of striation formation in stage Il propagation: (A) no load,
(B) tensile load, (C) intermediate tensile load, (D) maximum tensile load, (E) load
reversion and (F) no load

2.2 Effect on Fatigue Life of Scratches and Scribes

The effect of scratches on fatigue performance was first investigated by Nader [31].
He created rounded tip scratches of depths from 40 to 225 pum using a modified
milling machine. Fatigue tests were performed using dogbone samples to a maximum
stress of 345 MPa using a stress ratio of 0.1. As scratch depth increased fatigue life at
any stress amplitude decreased. In the worst case fatigue life was reduced by up to
98% compared to pristine material. Observation of the root of the scratches revealed
sub grain size micro crack formation. The micro cracks coalesced to form a single
crack front that propagated in the through thickness direction. Deeper scratches
resulted in earlier crack initiation as well as a greater number of nucleation sites
along the scratch root.

Inchekel and Talia [32] studied the effect on fatigue life of scratches in aluminium
lithium alloy 2090 F. They reported that fatigue life reduced as scratch depth was
increased and also as the radius of the scratch root was reduced. Examination of
fracture surfaces revealed crack initiation at multiple sites along the scratch root and
that the cracks coalesced as they propagated through the material.

The effect on fatigue life of scratches in unclad 2024-T3 was investigated by Talia &
Talia [33]. Scratches of depth 20, 50 and 100 um were scribed in samples then tested
under constant amplitude load at a stress ratio of 0.1. They observed that cracks
initiated at the root of the scratches and initially propagated in mode | indicated by a

16



perpendicular fracture surface to loading direction. The fracture mode transitioned to
shear evident by shear lips on the fracture surface. They reported that fatigue life
decreased as the scratch depth was increased and that the fatigue crack growth rates
were greater for the deeper scratches. The fatigue life of specimens with scribes 150
um deep was 15x less than pristine samples. They also proposed [34] a semi-
empirical method to predict crack propagation from the root of scratches as shown in
equation 2.27.

AK.rr = BKAdovma  (2.27)

According to the proposed equation the scratch behaves like a notch i.e. it increases
the local stress range and therefore the crack driving force by means of the elastic
stress concentration factor K:. Experimental long crack growth data for unscratched
material was assumed valid for scratched samples

Everett et al. [35] evaluated the effect on fatigue life of scratches in 4340 steel 8.9
mm thick. The scratches, created using a milling machine, were of rounded V shape
51 um deep created in dogbone shaped samples. Constant amplitude fully reversed
(R = -1) fatigue tests were performed on scratched and unscratched material. The
scratches reduced the fatigue limit by 40% compared to pristine material. The fatigue
life of the scratched samples was 12x less than the pristine samples at an applied
stress range of 550 MPa. A fatigue life prediction model was proposed that assumed
the total life consisted of only crack propagation i.e. no initiation period. The software
code FASTRAN was used to calculate the fatigue crack growth life and close
agreement with experimental results were obtained.

Das et al. [4] observed scratches initiated at multiple sites along scratches in
longitudinal and circumferential aircraft fuselage joints. The scratches coalesced
during early crack growth and continued to propagate in the through thickness
direction as one long continuous crack front. A damage tolerance methodology for
scratches was developed. Stress intensity factors were calculated based on a constant
geometric modification factor for fatigue cracks growing from scratches based
striation spacing measurements. Stress intensity factor solutions were also
empirically determined from crack growth data. The suggested method was validated
against service data of aircraft fleets.

Kyle [36] assessed the effect on fatigue performance of scratches in clad 7075-T6
aluminium. The scratches were created using two methods, material removal by
machining and plunging a tool into the material. Using these methods scratches 50 to
150 um deep were created. The samples were tested in fatigue to a peak stress of
175 MPa at R = 0.1. He measured no difference in fatigue performance between

17



machined and plunged formed scratches. If the scratch root was inside the clad layer
the fatigue life reduced by 40% compared to the pristine material. However if the
root of the scratch was inside the substrate it reduced fatigue life only if it was
deeper than 190 pum.

Morency [37] studied how scratch depth affected fatigue performance. The scratches
were created using diamond tipped tools in 2024-T351 aluminium in clad and unclad
conditions. He considered three scribe depths of 50, 100 and 200 um. All scribes had
root radius of 5 um and wall angle of 60°. The samples were tested under cyclic
loading to a maximum stress of 200 MPa at an R of 0.1. For unclad material fatigue
cracks initiated at the root of all scribes however only the scribes of 200 um depth
fractured due to these cracks. For clad material the scratches of depth 50 and 200 pm
caused fracture due to crack initiation at the root. The scratches 100 um deep (similar
depth of the clad / substrate interface) did not affect the fatigue life compared to
baseline material.

The effect on fatigue performance of different scraping tools such as plastic scrapers,
sharpened aluminium strips and Stanley blades was assessed [38,39]. Tests were
performed on 2024-T351 aluminium 2 mm thick fatigued to 200 MPa maximum stress
at an R = 0.1. The plastic scrapers did not damage the material sufficiently to affect
fatigue life (note: these are the recommended tool for removal of sealant at fuselage
joints). The aluminium strips produced irregular scratches. Fatigue cracks did initiate
from these scratches but only if the scratch penetrated through the clad layer. The
Stanley blade created sharp V shaped scratches that penetrated through the cladding.
The scratches were similar in profile to the scribes created using diamond tools
however the blades ploughed through the material leaving behind plastically
deformed material.

The effect on fatigue life of the scratches created by sharp knives was explored
further by Tizard [40]. He created scratches of various depths and found that the
fatigue performance of scratched material was actually greater than the pristine
material. The hardness and residual stress around the scratch root was measured
using nanoindentation. The hardness around the scratches had increased whereas he
measured the hardness around the diamond cut scribes to be equivalent to the
baseline material. Compressive residual stress equal to the material’s yield strength
was measured at the root of the scratches. The combination of increased hardness
and compressive residual stress was the reason for the increased fatigue
performance of scratched material. Furthermore Tizard’s fatigue results indicated a
stress concentration threshold of K; = 6 existed below which scratches did not affect
fatigue life.
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The residual stress field around machined and diamond cut scratches was measured
using synchrotron X-ray diffraction [41]. Machined scratches with root radii of 5 um
induced tensile residual stress around the root. In fact the magnitude and extent of
the residual stress field was twice that of the diamond cut scribes. However for
scratches with root radii of 50 um no residual stress was measured at the root.

Cini [42] accessed the sensitivity of 2024-T351 aluminium 2 mm thick to scribe
damaged created using a diamond tipped tools He studied scribes of depth 25 to 185
um with 60° wall angle and using different diamond tools he varied the scribe root
radius from 5 to 50 um. Dogbone shaped samples were scribed and tested in fatigue
to a maximum stress of 200 MPa and at R = 0.1. The reduction of fatigue life was
greater as the scribe depth was increased or as the root radius was reduced. The
greatest decrease of fatigue life was 97.8% for a scribe 185 um deep with 5 um root
radius. He found for scribes of K: > 7.8 multiple cracks initiated along the root but
coalesced during early propagation forming one long crack that then continued to
propagate in the through thickness direction.

2.3 Crack Closure

A variety of different mechanisms can be involved in the development of crack
closure such as: plasticity induced closure, roughness induced closure, crack filling
closure, transitional closure, transformal-induced closure and grain boundary closure
[43]. The focus of this section is plasticity induced crack closure first observed by
Elber [44]. During cyclic loading residual plastic deformation is built up in the wake of
an advancing fatigue crack. This plastic deformation induces a compressive stress that
causes the crack faces to close prior to the minimum load being reached. Upon
reapplication of the applied external load the crack faces do not separate at the
minimum load but at a greater load termed the opening stress level (0p). The crack is
no longer open at Kuin but instead opens at K,, hence a new SIF range must be
defined. This is termed the effective SIF range (4Kep) and is calculated using equation
2.28.

AKeff:(O-max'o-op)ﬁﬁ (2.28)

The crack closure concept is illustrated in Figure 2.7. The portion of the fatigue cycle
below K,y does not contribute to crack growth since the crack is closed. Crack closure
shields the crack tip from the full effects of the stress intensity factor range so that it
only experiences the effective stress intensity factor range and so should have no net
benefit on fatigue life.
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Figure 2.7: Definition of the effective stress intensity factor range

Experimental techniques to measure the crack opening stress level have a high
associated cost and effort [45]. Deformation of the crack face is not uniform and it
can be difficult to determine the exact opening location in order to consider the crack
fully open [45]. Elber [46] proposed an empirical rule for 2024-T3 material to
correlate the opening stress ratio with R ratio as shown in equation 2.29.

g,
P =0.5+40.1R + 0.4R%? (2.29)

Jmax

Equation 2.29 is plotted in Figure 2.8 and results in unrealistic opening stress ratios at
negative stress ratios. Schijve [47] proposed a new equation based on experimental
observations:

o,
—%_ = 0.45+ (0.1 4 a)R + (0.45 — 2a)R% + aR3 (2.30)
Gmax
where a is a constraint parameter. Equation 2.30 is plotted in Figure 2.8 for a = 0.1 to

0.15. De koning [48] developed the following equations based on experiments using
7075-Té6:

aop 2 3 4
ForR >0 = 0.45+ 0.2R — 0.15R“ + 0.9R®> — 0.4R (2.31)

Um ax

Oop
ForR<0 = 0.45+ 0.2R (2.32)

O-m ax

This is also plotted in Figure 2.8. Even though there are some differences between
predicted opening stress ratios using these equations, it is clear that closure effects

20



are more pronounced at low and negative stress ratios. The stress opening level can
also be determined using the finite element method and this is explored further in
next sections.
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Figure 2.8: Crack opening stress ratio according to different empirical formulas

The growth and closure behaviour of plane strain short cracks in 2024-T351
aluminium alloy was studied [49]. The short cracks were created by machining off the
major portion of specimens containing long cracks which resulted in cracks of length
between 0.16 and 0.57 mm. Fatigue tests were performed in bend at six R ratios
between 0.5 and -1.0. Fatigue crack growth rate and crack closure were measured
using a compliance based technique. It was found that short cracks grew faster than
long cracks at small AK and the FCGR of short and long crack merged with increasing
AK. Also the difference in long and short FCGR reduced as the R ratio increased. The
long and short crack growth rate behaviour plotted as a function of AK.sis shown in
Figure 2.9 (A) (note only the outer bounds of the long FCGR data is shown for clarity).
There is good agreement between the data which implies that the difference in
growth rate is mainly governed by crack closure. However as shown in Figure 2.9 (B)
the closure behaviour of short cracks was significantly different than that of long
cracks.

Kujawksi [50,51] has argued that crack closure is not the sole mechanism responsible
for correlating the effect of load ratio, overloads and type of loading with the FCGR.
He considered the case of partial crack closure, which is when the cracks face contact
first behind the crack tip. This can occur particularly in the near threshold region of
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crack growth when the fracture surfaces can be faceted and mismatched. He stated
this can cause the crack shape to change from a blunt parabolic to a sharper wedge
shape which can induce damaging strain ahead of the crack. He also states that FCGR
is dependent on the interplay of two damaging processes at the crack tip namely Kpnax
and the positive part of the SIF range 4K* and not just the effective SIF.

b (A) 2024-T351
20 Hz
108 E Shor cracks R0
E R Ac(MPa) R=03 Short cracks
L f gg ;g test results
o 0177 R=0.1 Ag
s 07 E 4 0[, 80 _p, R (MPa)
A FE & 05114 : g; :{;
3 e -1 113 R=05 & 01 77
E - A -1 120 o 0 80
gtk ® 113 A 05114
3 E D -1 136 S AT
C A -l 120
i m -l 135
o L o -1 146
F : the predicted
~————— : Long cracks e : Long crack data
"_rml'l il —k bk i ke ) 0 PR S B AN AN SV T B AN I B B RS O N A S T T A 1
0.5 1 5 10 20 0 5 10 15
AK rp(MPa fm) AK (MPaSm )

Figure 2.9: (A) Growth rate of short and long fatigue cracks in Al 2024-T351 and (B)
variation of crack opening stress ratio with crack length

2.3.1 Comparison between Predictions and Measurements of Crack Closure
A detailed review of crack closure modelling techniques is contained in section 6.1.
Reviewed in this section are published comparisons between crack closure predicted
and measured under applied external loading only. The effect on crack closure of
residual stress is reviewed separately in section 2.3.3.

In a recent paper crack closure was measured for long and short (0.1-2 mm) cracks in
304L steel [52,53]. The tests were performed using the compact tension specimens
and crack closure was measured using compliance based methods. Excellent
agreement was found between experimental results and numerical simulation as
shown in Figure 2.10 (A) below. The simulation was based on 3D FE analysis of the
compact tension specimen with a straight crack front. The model contained 8 node
cubic elements. In the crack tip region the elements were 1/20™ the size of the
forward plastic zone. A kinematic material model was used and crack tip node release
was performed at the minimum applied load after 15 applied load cycles so as to
achieve a steady state of stress and strain field near the crack tip. Closure occurred at
the surface of the specimen but not in the centre. This was due to the plane strain
state at the centre of the sample as will be described further in the next section.
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Figure 2.10: (A) Comparison between numerical and experimental results in the C(T)
specimen for three values of applied AK [53] and (B) Comparison between
numerical and experimental results in the M(T) specimen [56].

Similarly Sarzosa et al. [54] investigated crack closure in C(T) specimens of ASTM
A516Gr70 steel of which some were welded along the crack plane. Residual stress
was not included in the model since the welded samples were heat treated after
welding which significantly relieved (though did not fully eliminate) the surface
residual stress (measured using XRD). The base and weld material were differentiated
in the model by applying different mechanical and hardening properties. FCGR was
measured in the base and weld material and was then corrected to account for crack
closure by calculation of AK.y. Fatigue lives were estimated and found to be within a
factor of 0.2 of experimental lives. The analysis would however have benefitted
greatly had crack closure been measured during the experiments to allow direct
comparison with the FE predictions. Similar findings were reported [55] for C(T)
samples of Al 7075-T651. However in this work measurement of the opening load
was undertaken experimentally using compliance techniques.

Numerical prediction of crack closure was compared to experimental measurements
in the M(T) specimen of Al 6016-T4 1 mm thick [56]. The opening load level (Pyp) was
determined by monitoring the load-displacement curve using a pin micro gauge with
the pins placed in two holes above and below the notch. Then from the load-
displacement curves variations of P,, were derived using the “maximisation of the
correlation coefficient technique” [56].3D FE analysis was utilised to determine the
Pop. The load-displacement was monitored at a nodes placed at the same positions
as the pin holes described above. Despite the small sample thickness (1 mm) far
greater opening load was predicted on the sample surface that in the centre. A good
agreement between experimental numerical results was found as shown in Figure
2.10 (B). Good agreement was reported [57] between experimental and numerical
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FCGR in M(T) specimens of 2024-T351 14 mm thick when crack closure effects were
included in the numerical prediction.

The propagation behaviour of microstructurally small cracks was simulated [58]. The
approach combined a crack tip slip band model with Newman’s crack closure model
[59]. For a homogeneous material they found that crack closure increased with crack
extension until it reached stabilised value due to the build-up of the plastic wake. This
is consistent with other results described here. However when the plastic zone was
constrained by an adjacent grain with a greater yield stress the stress opening value
rapidly increased as the crack crossed the grain boundary. In situ SEM crack closure
measurement of short fatigue cracks (0.05-0.5 mm) in Al 2024-T351 were compared
to numerical predictions using 3D FE analysis [60]. The experimental measured crack
closure level was consistently greater than values predicted. The FE analysis only
considered the plastic wake effect on crack closure and the greater experimental
crack closure was attributed to contact first behind the crack tip caused by asperities
and mismatch of the fatigue crack surfaces.

2.3.2 Crack Closure in Plane Strain Conditions

There can be major differences in the closure behaviour of a fatigue crack depending
on stress state. It is widely accepted that crack opening stress is greater for plane
stress than plane strain [11] with some researchers even doubting the existence of
PICC in the plane strain [61,62]. The plastic zone size in plane stress is generally
regarded as being 3x bigger than in plane strain. Since PICC is dependent on the
reversed plastic zone and hence the size of the forward plastic zone, it follows that
PICC would be less prevalent in plane strain than the plane stress state. A series of
experiments was performed [63] using 2024-T3 MCT specimens of thickness 10.2
mm. Fatigue cracks were grown and measurements of crack closure indicated the
crack tip was open during 72% of the applied load cycle. The plate the thickness was
reduced to 7.2 mm through layer removal on both sides. Crack closure was re-
measured and it was found the crack tip remained open during 87% of the applied
load cycle. The procedure was repeated. The sample thickness was reduced to 3.75
mm and the crack tip was measured open during 89% of the applied load cycle. It was
concluded that crack closure was greater at the sample surface where plane stress
conditions existed than in the centre of the plate where plane strain conditions
existed.

Early FE work by McClung et al. [64] focused on the mechanics behind plane strain
crack closure. They showed the plastic wake of a propagating plane stress fatigue
crack was associated with material transfer from the thickness direction to the axial
direction. In plane strain the plastic wake is associated with material transfer from
the in-plane transverse direction to the axial direction (noting that in plane strain it is

24



only the out of plane displacements that must be zero). Material transfer in the plane
strain state was investigated further by Riemelmoser & Pippan [65]. They stated that
the entire plastic wake of a fatigue crack is sheared and that without the constraint of
the surrounding elastic material the shear deformation would open the crack as
shown in Figure 2.11 (A). However due to the surrounding elastic body the plastic
shear opening must be balanced by elastic rotation. The effect of the elastic rotation
is that material is transported in the crack direction instead of the longitudinal
direction, Figure 2.11 (B). The transport of material leads to a wedge of material at
the crack tip and hence crack tip closure.
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Figure 2.11: Plastic shear deformation in the wake of a fatigue crack (A)
unconstrained and (B) constrained by elastic material

Antunes et al. [66] studied using FEA the effect of stress state on PICC in the M(T)
specimen. They studied the effect on crack tip opening stress of maximum applied
stress. As shown in Figure 2.12 (A) the crack tip opening load increased as the
maximum applied load was increased in both plane stress and plane strain states. The
level of PICC was 1.5-3x greater for plane stress than plane strain. They also studied
the effect on the opening stress ratio in plane strain of three hardness models, the
results are shown in Figure 2.12 (A). Isotropic hardening resulted in greater opening
stress than the kinematic hardening model. A mixed hardening model was also
studied and gave similar results to the isotropic model.

In a recent paper [67] plane strain PICC was not predicted for either DEN(T) or M(T)
specimen geometries. Details on element sizing was missing from the paper however
from the pictures of the mesh it is doubtful it was dense enough to properly
characterise the reversed plastic zone and plastic wake necessary for PICC. Singh et
al. [68] modelled PICC in the M(T) specimen under plane stress and plane strain
states. They found remote crack tip closure occurred under both plane stress and
plane strain conditions although it was more prevalent in plane strain. They
attributed this to crack advance scheme and hardening model. They concluded that
steady state crack opening stress level was not achieved under plane strain and the
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closure that was observed was attributed to remote closure suggesting that that PICC
may not be exist in plane strain.
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Figure 2.12: (A) The effect of maximum load on the opening load [195]

PICC in an M(T) sample were predicted de Alizadeh et al. [69] using 2D and 3D FE
analysis. They found that 2D plane stress results agreed with 3D results at the surface
and 2D plane strain results agreed with the mid-thickness of the 3D model provided
the specimen thickness was sufficiently large.

De Matos & Nowell [70] studied the effect on PICC of the number of applied loads
between release of the crack tip node boundary constraint. They found for plane
strain that increasing the number of cycles had deceasing effect on the opening stress
level. They suggested for plane stress that two cycles was sufficient but for plane
strain the exact number of cycles was not established however more than eight had
little effect on the predicted crack opening stress level. They did suggest however
that the number of load cycles used is a compromise between numerical accuracy
and computational cost of the analysis. They found that for 2D plane strain cracks
under constant amplitude loading that crack closure existed only at the beginning of
the crack growth process before decreasing to zero.

De Matos & Nowell [71] measured crack closure in compact tension specimens of
thickness 3, 10 and 25 mm. Crack closure was measured using traditional compliance
based methods and DIC. The experimental results were compared with predictions
using 2D and 3D FE analysis. For the thin samples where the state of stress along the
crack front would be in plane stress, good correlation between experimental results
and predictions of opening stress load were made. However as the sample thickness
increased a considerable difference between the experimental bulk measurements
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and surface measurements was found. However it was found that the bulk
measurements when used to predict an effective SIF provided better correlation with
FCGR.

The effect of the T-stress on plane strain crack closure has been studied using FE
analysis [72,73]. It was found by Fleck [73]. that PICC occurred provided the ratio
Tmax/ 0y is less than a critical value as shown in Figure 2.13. The crack closure
response was insensitive to the material properties oy, £and v. For a stress ratio of
zero it was found that an initial wedge of material was left on the crack flanks at a
location immediately ahead of the initial crack tip position that lead to the crack
closing first behind the crack tip (referred to as remote closure). Remote closure was
also reported by Lei [74] for compact tension specimens modelled in the plane strain
state but not in plane stress (R = -2). He stated that remote closure may not be
caused by the plastic wake but instead due to blunting of the crack tip and strain
hardening of the material.
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Figure 2.13: Effect of specimen geometry on closure response

Stress state can also have an effect on the stabilisation of the crack opening load.
Antunes et al. [75] have shown that for plane stress conditions under constant
amplitude loading the opening stress ratio will increase monotonically with increasing
crack length until a stabilised value is reached. It was shown for plane stress
conditions and constant amplitude loading that the crack must be advanced
completely through the initial forward plastic zone to form a stabilized plastic wake
and therefore stabilised stress opening values [76]. However Antunes et al. [75] also
noted a peak opening stress ratio was observed for plane strain conditions after
which the opening ratio decreased with increasing crack length. Similar observations
were noted by other authors [61,77]. Lee & Song [78] concluded that in order to
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obtain stabilised crack opening values the crack must be advanced approximately
four times the length of the initial forward plastic zone.

2.3.3 Effect on Crack Closure of Initial Residual Stress Fields

Although there have been many studies on fatigue crack closure using experimental,
numerical and FE approaches, few have considered the effects of an initial residual
stress field. A distinction is made here between an initial residual stress field defined
as a pre-existing stress field in the component prior to crack propagation and residual
stress as a result of plasticity during crack propagation such as in the plastic wake or
forward plastic zone. This section reviews the effects on crack closure of a fatigue
crack propagating through an initial residual stress field.

A 2-D elastic-plastic FE element analysis of crack closure in an M(T) specimen was
studied [79]. The model used 4 node plane stress elements and isotropic hardening. A
compressive residual stress field was induced through application of an overload. A
fatigue crack was advanced from the notch at the maximum applied load. Crack
closure was simulated by monitoring the position of the nodes behind the crack tip.
During unloading if the nodal position became negative relative to the crack tip a
node fixity condition was applied. The compressive residual stress field increased the
crack opening stress level by up to 3x compared to a residual stress free analysis. The
crack was advanced through the residual stress field and AKef was calculated. a. The
results were correlated well with experimental data. It was noted that prediction of
closure level was highly dependent on the da/dN = f(AKef) relationship used.

Berghini and Bertini [80] considered a residual stress field due to welding in 12 mm
thick steel. Three distinct situations were recognized: (1) the crack is completely open
at the minimum load, (2) the crack tip is open while crack surfaces are partially closed
at minimum load and (3) the crack is completely closed at minimum load. Crack
closure prediction using FE and weight function methods were compared to
experimental results. Predicted Ko, values compared well with predictions using FE
and weight functions however it was noted that caution is required when dealing
with partially open cracks.

Kang et al. [81] studied the behaviour of FCG and closure through a compressive
residual stress field from electron beam welding in 6 mm thick steel. They found that
depending on the type of residual stress field in the region of crack growth, the
growth and closure of the crack show different behaviour in particular in the
transition region from a compressive to tensile residual stress field. This was
attributed to partial crack opening when the load was released i.e. it didn’t close at
the crack tip first. These findings are similar to those reported by Choi and Song [82].
Kang et al. [83] also studied the effect on FCG and closure level through a tensile
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residual stress field under compressive applied loading. Comparison between
experimental FCGR and predictions were made. They concluded that prediction based
on the Rer method and AK.s method correlated well with FCGR measurements.
However they also concluded that a version of the Reg method where AKeg= Kmax+Kres
and Rer= 0 when Knmin < 0 may lead to non-conservative estimates.

Schnubel and Huber [84] considered closure in a welded 5 mm thick C(T) specimen.
An elastic FE model was used with and without hard contact of the crack faces to
compare the superposition approach with a contact approach. A significant difference
between calculated SIF with and without contact was found particularly in the
transition region from compressive to tensile residual stress. This attributed to the
effect of the contact condition on the local opening behaviour of the crack face near
the crack tip.

Moshier and Hilberry [85] considered a 2.54 mm thick 2024-T3 SENT. A tensile
overload was applied to induce a compressive residual stress field. They noted that
when a crack grows in a component without compressive residual stress, it leaves
plasticity in the wake of the crack. However when compressive residual stress is
present, the residual stress acts as an external closing mechanism, opposite to the
applied load, which forces the crack closed and reduces the amount of plastically
deformed material. This results in an opening stress due to plasticity that is less than
the original opening stress when residual stress was not present.

The effect of compressive residual stress on FCG from hole was modelled using
elastic-plastic FE analysis [86]. Isotropic hardening and PICC was considered.
Predicted FCGR compared well with experiment to within a factor of 5%.

Liljedahl et al. [87] considered a residual stress field from welding in 7mm thick 2024-
T351 aluminium. They compared the AK.f approach with superposition approach.
Superposition compared well with experiment at lower load levels. In contrast AKeg
approach was better at greater load levels however it was noted that the reason for
this may have been due to experimental measurement technique used.

Wang et al. [89] considered a compressive residual stress field from shot peening on
etched 7075-T7451 dogbone samples (¢t = 6.35 mm). They extended the Newman
PICC method by using CTOD. The predicted fatigue lives based on the closure model
were within a factor of 2-3 of experimental lives.

Ma et al. [90] found good agreement between predicted and experimentally
measured FCGR through a weld induced residual stress field. A crack closure based
approach was used where crack opening levels were predicted using Newman’s
equations [59].
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The effect of residual stress induced by shot peening on crack closure was measured
by Zhu et al. [91]. Crack closure levels were found to increase with shot peening
intensity and were on average 2x greater than for the unpeened condition. They
noted the opening level initial increased prior to decreasing with crack extension, no
residual stress measurements were made. A closure based model [FASTRAN] to
predict FCGR from a machine like scratch in 4340 steel was used [91]. Crack growth
was through a residual stress field induced by shot peening. Very good agreement
between predictions and experimental measurements were reported. Differences
between FCGR behaviour were accounted for by using the closure corrected effective
stress intensity factor range in LSP treated titanium [92,93].

Hill and Kim [94] considered crack closure in a residual stress field induced by LSP. An
elastic analysis was performed where crack closure occurred due to the strain fields
locked in the material (i.e. the residual stress field) that altered the shape of the crack
faces and caused contact. The contact pressure arising from a closed crack was
calculated using the WFM and FE method for comparison are compared well. A
number of FCGR prediction methodologies were compared to experimental
measurements in 3.8 mm thick 7075-T6 aluminium C(T) specimens. It was found that
prediction methodologies that included crack closure improved the accuracy of the
results.

De Matos and Nowell [95] developed an analytical model based on PICC and
considered an initial residual stress field from a cold expanded hole. They found that
the opening stress level increased significantly in the presence of compressive
residual stress. When the crack advanced through the field the opening stress level
was similar to that in the absence of residual stress. Also compared was the effect on
closure behaviour of remote applied stress level (Omax/0yield). They found for low
levels of remote applied stress the residual stress dominates the closure behaviour
but at high levels (0max/0yiela = 0.8) the closure behaviour was similar to that in the
absence of residual stress. FCGR was predicted using the analytical model and
correlated well with experimental data.

2.4 Residual Stress and its Effect on Fatigue Performance

Residual stresses are self-balanced stresses in a material without any external forces
present. They can be induced into the material unintentionally for example during
welding processes or deliberately introduced into the material such as from laser
shock peening. Residual stresses occur through a variety of mechanisms including
plastic deformations, temperature gradients or structural changes.

In this section residual stress and its effect on fatigue performance will be reviewed.
The first section describes briefly some of the various ways residual stress fields are
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induced in components with laser shock peening dealt with specifically in section two.
The methods used to measure residual stress fields are reviewed in section three. The
fourth section reviews the effect on fatigue performance of residual stress fields
induced during manufacturing processes and shot peening. The effect on fatigue
performance of LSP is review in section five and in the sixth section specific
applications to thin sheet material (<3 mm) of LSP are reviewed.

2.4.1 Causes of Residual Stress

Many manufacturing processes can induce as an inherent by-product residual stress
in components such as welding, machining, forming, hardening, casting and forging.
These stresses are generally unwanted and sometimes additional steps are added to
the manufacturing process to induce beneficial compressive residual stresses at
safety critical locations such as shot peening, laser shock peening, low plasticity
burnishing, deep rolling, cold expanded holes and autofrettage of thick cylinders.
Residual stress can also be induced from pre-service loading (such as proof testing)
and in-service loading (such as maximum service load causing yielding at stress
concentrations). In section 2.4.4 the effect on fatigue performance of residual stress
reported in the literature is reviewed. For the majority of cases reviewed residual
stress was induced created from shot peening or welding processes. A brief
description of these two processes is given below. Laser shock peening is reviewed in
detail in next section.

The shot peening technique was invented in the 1920’s in Germany and the USA
independently and has been widely used in industry since the 1950’s [96]. It is often
used for the specific purpose of improving the fatigue strength and fatigue life. During
the process ceramic or metallic balls, called shot, are fired with force onto the surface
to be treated. Each shot acts as a hammer and creates a dimple on the components
surface plastically deforming the near-surface layer by stretching as illustrated in
Figure 2.14 (A). The neighbouring material reacts against the stretching and a
compressive residual stress field is formed, illustrated in Figure 2.14 (B). However
other changes to the material can occur such as micro hardness, dislocation density,
surface roughness, surface defects and phase composition [97].

Welding processes are most widely used in automotive and naval industries but have
also been explored in the aerospace industry [99-101]. Welding joins the component
pieces by melting the materials whilst adding a filler material. This forms a pool of
molten material that then cools to become a strong joint. However the heat induced
from welding may cause localised expansion of the components which then then
filled with the molten metal. When the weld cools some areas may contract more
than other causing residual stresses. Welding processes can also change the material
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properties of the component. Microstructure and hardness changes are localized to
the welded strip.

Impact at high speed

(A) creotes o dimple (B) stretched surfoce

Dimple \ m
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T

Figure 2.14: (A) Dimple creation on material surface during shot peening and (B)
formation of compressive residual stress around dimple [98]

The residual stress field created by shot peening are generally referred to as cold
worked residual stresses whereas from welding they are termed thermal residual
stresses. It is interesting to note at this point that the residual stress field induced
during laser shock peening is actually the result of cold working.

2.4.2 Laser Shock Peening
In this section an overview of the history and applications of Laser Shock Peening
(LSP) is provided. A detailed description of how the treatment works and is
performed is given. Finally a review of reported applications of LSP to enhance fatigue
life in the literature is detailed.

Laser shock peening is a technique for the surface treatment of metallic materials.
LSP is applied to improve the fatigue performance of the treated component by
creating a layer of compressive residual stress at the surface. The first reported
investigation on the effect of stress waves created by lasers and their effect on metals
was by White in 1963 [102]. The first patent for an application of LSP was in 1974
[103]. Initially applications of LSP were limited due to the size and expense of the
required laser systems. However over the last two decades its application has
increased significantly as more suitable laser systems were developed. It has been
used extensively in the aerospace industry for the treatment of gas turbine blades
and discs, and more recently wing attachment lugs. Other applications of laser
peening include treatment of steam turbine blades [104], forming of metals [105,106]
with applications to aircraft wing panels, enhance service life of automotive springs
[107], and as a preventative measure against SCC in nuclear power reactors [108].
The effect of LSP process variations on the induced residual stress fields have been
assessed for a range of materials such as steel [109-111], titanium [112-114], and
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aluminium [115-117]. Numerous researchers have developed models that attempt to
predict the induced residual stress field from LSP with varying success [118-121].

An illustration of the typical LSP process is shown in Figure 2.15. When laser shock
peening the surface of the component is normally first coated with a sacrificial
ablative layer. The ablative layer used can be black paint, tape, or metallic foils. The
ablative layer is primarily used to protect the surface of the component from thermal
effects during the peening treatment [122]. However greater surface pressures have
been reported when an ablative layer is used [123]. This was attributed to an ablative
layer such as black paint absorbing more of the lasers energy. LSP can also be applied
without an ablative coating. This is generally performed where application of paint or
tape onto the component surface is difficult due to complex geometry or if the
component is already in service and hard to access. When an ablative layer is absent
the lasers used tend to be of less energy per pulse to minimise thermal effects on the
target surface. It is generally regarded that there are now two variants of the LSP
treatment [124]. The first uses high energy per pulse (>10 J), large laser spot size (>3
mm), and protective coating. The other uses lower energies per pulse, a smaller laser
spot size, and no protective coating.

Shockwave

High Pressure
Plasma

Laser Beam

Inertial Tamping

Layer (water)

Inertial Tamping

Layer (water)
Ablative Layer | Ablative Layer
(paint or tape) (paint or tape)

Figure 2.15: lllustration of typical laser shock peening process

After surface preparation a pulsed laser light is fired and delivered to the component
surface by a series of mirrors. The ablative tape (if used) is vaporised by the extreme
heat generated (> 10000 K [125]). High pressure plasma is created through ionisation
and a shockwave is generated. To increase the efficiency of the process an inertial
tamping layer is used. This confines the plasma and directs more of the generated
pressure into the component. The tamping layer needs to be transparent to the laser
light and so water or glass is normally used. The shockwave generated results in
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plastic deformation of the near surface and it is this plastic deformation that creates
the residual stress field.

The creation of the residual stress field (i.e. plastic deformation of the near surface
layer) is comparable to how the residual stress field is created using the more
traditional shot peening method (i.e. indentation of the component surface by
bombardment using metal or ceramic balls as illustrated in Figure 2.14 (B).). However
the residual stress field created using LSP generally extends further from the surface
than after shot peening. This extent has been reported to be up 16 times greater
[126]. The surface finish after LSP is generally better than after shot peening. For
example Masse and Barreau [127] reported a surface roughness (R,) of 0.17 after LSP
and 5.67 after shot peening where untreated material roughness was 0.1. LSP also
has the advantage of being more controllable than shot peening both in terms of the
residual stress field produced but also the region of coverage. Improvement of the
mechanical properties of aluminium 7075-T7351 was reported after LSP but not shot
peening [128]. However LSP has the disadvantages of requiring a longer initial set up
time and being more expensive.

For further details on the laser shock peening process consult the following review
papers by Montross et al. [129], Clauer & Lahrman [124] and Peyre et al. [123, 130]. A
brief description of the terminology used when describing and comparing laser
systems is provided here.

Laser Type refers to the gain medium used in the laser system. It is used to amplify
the laser from its source. Common types used for laser peening include Nd:YLF,
Nd:YAG and Nd:Glass.

Wavelength of the laser light. Commonly used for laser peening applications are 355
nm (ultraviolet), 532 nm (green), and 1064 nm (infrared).

Laser Frequency refers to the number of laser pulses per second (i.e. how often the

laser is fired) and is measured in hertz (Hz).

Application Time is the duration of a single laser pulse and is measured in

nanoseconds (ns).

Laser Spot Geometry is the shape of the contact area between the laser beam and

the targeted component. Square or circular spot geometries are commonly used.

Laser Spot Size refers to the diameter of a circular spot or the width of a square spot.

Energy in the laser beam and is measured in joules (J)
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Power Density is the power per unit area of the laser beam and is calculated using

equation 2.33. It is usually expressed with the units W/cm?.

) Energy (J)
Power Density= - (2.33)
Pulse Time(s)x Laser Spot Area(cm)

2.4.3 Measurement of Residual Stress Fields

There are several techniques that are used to measure residual stress fields. The
measurement techniques are classified as destructive or non-destructive based on
the nature of their damage to the material during measurement [131]. Destructive
techniques are based on elastic stress relaxation and associated strain when a layer of
material is removed from the sample. The non-destructive techniques rely on
material characteristic features such as atomic d-spacing (distance between
crystallographic planes) or the material response to magnetism or sound. Non-
destructive techniques generally require measurement of the characteristic feature in
the unstressed and stressed state.

The most widely used destructive techniques are surface X-ray diffraction (with
surface layer removal), hole drilling, slitting (crack compliance), and the contour
method. X-ray diffraction, synchrotron X-ray diffraction, neutron diffraction,
ultrasonic and magnetic methods, and Raman spectroscopy are the most common
non-destructive residual stress field measurement techniques.

The residual stress fields induced by LSP in the current work were measured by the by
Toparli [132]. They used hole drilling, surface X-ray diffraction, synchrotron X-ray
diffraction, neutron diffraction and the contour method for stress measurements. In
all cases the stress fields were measured using hole drilling and at least one other
method for comparison to increase confidence of the measurement data. The results
used in the current work and presented in subsequent chapters are from the hole
drilling method only. A brief description of the hole drilling method is given below.

The hole drilling method is one of the main destructive residual stress measurement
techniques used in industry as it is simple, fast, and relatively inexpensive [132]. The
method is based on the elastic stress relaxation after material removal. A hole is
introduced to a sample with residual stress resulting in displacements around the
hole as the stresses relax. A special strain gauge is used to measure the displacements
and they used to back calculate the residual stress. The main requirement on the
drilling is that no further residual stress should be induced in the material. An ASTM
standard E837 [133] is available for the technique as well as an NPL good practice
guide [134].
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Toparli [132] used a variant of the hole drilling method termed incremental hole
drilling. This method was used due to thin material (2 mm) being studied and
expected high non-uniformity of residual stress through the depth induced by LSP.
For this method the hole is introduced step by step and strains are recorded at each
increment. A 2 mm diameter drill was used for material removal. As the strains are
measured at the surface the sensitivity of the gauges decreases as the hole depth
increases. At deeper depths larger increment steps are used to increase the amount
of material removal therefore increasing the amount of strain relaxation. Finally due
to the proportion of the hole depth (1.4 mm) to the thickness of the material (2 mm)
a backing material (epoxy resin) was used during measurement of residual stress.

2.4.4 Effect on Fatigue Performance of Residual Stress

The fatigue performance of components is a function of their load history. A primary
variable that influences fatigue performance is the amplitude of the applied cyclic
load. Also of major influence is the mean (or maximum) value of the applied load
during each cycle. Significant in fatigue are residual stress fields established in the
component prior to service. Although residual stress fields do not directly influence
the amplitude of cyclic loading they do alter the mean (or maximum) value of the
load in each cycle and therefore can have a major influence on the fatigue
performance. Residual stresses are self-equilibrating and so any region of
compressive residual stress must be counterbalanced by tensile residual stress
elsewhere in the component.

This is most evident of residual stress fields induced through welding processes.
Tensile residual stress normally forms in the centre the weld with balancing
compressive residual stress at the edges. Beghini et al. [135] studied the effect on
FCGR of welding induced residual stress fields in C(T) specimens to. It was found that
fatigue cracks propagated faster through the tensile residual stress and slower
through the compressive residual stress field compared to in the baseline material.
Crack propagation can also be influenced by changes to micro-hardness and
microstructure in the weld heat affected zone however it has been found that
residual stresses are the most important parameter influencing FCGR [136,137].

Shot peening is applied to components to enhance fatigue performance by inducing a
compressive residual stress field. There has been extensive research on the effect on
fatigue of shot peening [97]. Early research by Reed & Viens [138] found a 25%
improvement of the endurance limit after shot peening of Ti-6Al-4V. The effect of
shot peen induced residual stress on the fatigue performance of 7010 and 8090
aluminium alloys was studied by Mutoh et al. [139]. The found the crack initiation
time after peening was shorter due to the rough peened surface. However the FCGR
was significantly reduced by the compressive residual stress field and total fatigue life
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was greater after peening. Hammond & Meguid [140] studied the effect of shot
peening on the fatigue performance of 7075 aluminium and 080M40 steel. Shot
peening enhanced the fatigue life of both materials and was attributed to the induced
compressive residual stress field. They also noted peening treatment promoted
subsurface crack initiation in the aluminium but not steel. Sridhar et al. [141]
published results showing a decrease in fatigue life of the titanium alloys after shot
peening at ambient and elevated temperatures. This was attributed to residual stress
relaxation with applied cyclic loading and increased surface roughness.

The effect of shot peening on small fatigue crack growth has been studied [142]. De
Los Rios et al. [143] found crack initiation and propagation behaviour completely
changed after shot peening. Shot peening accelerated crack initiation and early crack
growth but reduced crack propagation rate. Natkaniec-Kocanda et al. [144] found the
number of cracks of length less than 50 um was significantly lower after peening and
attributed this to squeezed grains, high dislocation density, and compressive residual
stress in the hardened layer. More recently Cerny et al. [145,146] studied the effect
of shot peening on short crack growth in 2.4 mm thick 7075 aluminium. They found
that crack retardation was significant after peening particularly for cracks of length
less than 2 mm.

The effect on the fatigue performance of scratched material after shot peening has
been studied. Everett et al. [147] found that the fatigue life of shot peened samples
that contained scratches 51 um deep was equivalent to that of pristine samples
however no measurement of the peening induced residual stress field was made.
Shot peened 2024-T3 aluminium specimens with scratches 20 to 100 um deep were
studied [33]. Peening reduced the crack growth rates of scratched specimens and the
crack growth rates were similar to that measured in pristine samples. However the
samples were peened until the scratches were eliminated and therefore the
beneficial effect on fatigue life of peening in this case may be more attributable to
the removal of the stress concentration than induced residual stress field.

Claudio et al. [148] measured the fatigue lives of shot peened nickel based superalloy
samples with scratches 50 and 100 um deep. The fatigue lives of samples with
scratches 50 um deep was up to 1.8x greater after shot peening. The fatigue life of
samples with scratches 100 um deep did not change after shot peening. Considering
the residual stress field measurements [148], the tip of the 50 um scratch was within
the compressive stress field whereas the tip of the scratch 100 um deep was on the
limit of the compressive stress field. The fatigue results were therefore consistent
with residual stress fields measured.
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2.4.5 Effect on Fatigue Performance of Laser Shock Peening

The first paper that reported the effect on fatigue performance due to LSP was
published in 1979 [149]. Since then there have been many papers detailing the merits
of LSP to fatigue performance of metallic components [150-155]. During the 1970’s
and 80’s it was generally accepted that increase of material hardness after peening
was the reason for improvement of fatigue life [123]. However it was demonstrated
later that the improvement was possible without significant change to the material
hardness [156] and it has been shown that the induced compressive residual stress
field through the depth has the greatest effect on fatigue performance [157-163].

Since shot peening is the most conventional and widely used surface treatment to
echance mechanical properies many authors have directly compared it to LSP [164-
175]. Heckenberger et al. [126] compared the effect of LSP and shot peening on the
induced residual stress field and fatigue performance in 7050-T7451 aluminium 28
mm thick. The magnitude of the induced compressive residual stress at the surface
was simliar however LSP induced field extended 16x deeper from the surface. The
fatigue strength after shot peening was 15% greater than the baseline material and
30% greater after LSP treatment. For the same material but 19.1 mm thick Luong &
Hill [176] measured LSP induced compressive residual stress 10x deeper than after
shot peening. The fatigue strength was 1.2x greater for LSP treated samples than shot
peened samples.

The effect on crack initiation of LSP has been studied [177,178]. Peyre et a.l [170]
claimed the main improvement in fatigue performance of Al7075 was observed
during crack initiation. They concluded that the crack initiation stage increased by
700% whereas crack propagation stage increased by just 200%. Shot peening the
increased the crack initiation and propagation stages by just 150% to 200%
respectively. The effect on FCGR of LSP has been measured using the DCPD method
[92,93,179]. In all instances LSP reduced the FCGR and this was attributed to the
induced compressive residual stress fields.

LSP has been applied to welded joints to reduce the tensile residual stresses induced
during the welding process [164-166]. Hatemlah et al. [167] studied the effect on the
fatigue properties of friction stir welded (FSW) 7075-T651 aluminium M(T) specimens
1.25 cm thick after LSP (5 GW/cmz). Measured FCGRs were lower after LSP and
fatigue life was 1.3x and 2x greater compared to baseline and FSW specimens
respectively. Sakino et al. [180] found that the fatigue strength of 9 mm thick welded
steel increased by a factor of 1.7 after LSP (energy of 200 mJ, laser spot diamter of 0.8
mm). Both authors above attributed the increased fatigue life increase to the induced
compressive residual stress fields.
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The effect on residual stress and fatigue performance in the compact specimen of LSP
has been studied in the literature [181-184]. However the relationship between the
induced residual stress field and the resultant change to the fatigue life has received
little consideration. Hill et al. [185,186] considered the effect of one-layer and three-
layer LSP on 7075-T6 aluminium 3.81 mm thick. The peening treatment had a square
laser spot with a power density of 4 GW/cm?, 18 ns pulse duration and was applied to
both sides. The effect on the residual stress intensity factor of the position of the
peened area was also studied, It was found that peening near the front face resulted
in negative Kyes whilst peening near the back face resulted in positive Kres (note: Kres
was determined experimentally). Residual stresses measured using the contour
method were compressive through the full thickness within the peened region.

Huang et al. [187,188] considered double sided peening on 6061-T6 aluminium 6 mm
thick. They studied multiple peening treatments with laser energies of 3, 5and 7 J, 5
mm diameter laser spot and 10 ns pulse duration. They found that fatigue life
increased with greater laser energy. They also considered the shape of the LSP region.
A square area (15x15 mm) ahead of the notch tip, a rectangular area (35x15 mm)
that extended from the notch tip to the back face, and a rectangular area (15x60 mm)
that extended from the bottom face to the top face. Compact specimens peened
from the top to bottom face had fatigue lives approximately two times greater than
the other two treatments.

The effect on residual stress and fatigue life of laser pulse density (900 to 2500
pul/cm?) was studied [189,190]. Compact specimens 6.3 mm thick of 2205 stainless
steel and 6061-T6 aluminium were peened at energies of 2.5 and 1.2 J respectively
using a 1.5 mm diameter laser spot and pulse duration of 8 ns. The residual stresses
were more compressive with increased pulsed density and this resulted in lower
FCGR and longer fatigue lives.

The effect on the fatigue performance at elevated temperatures has been studied
[191,192]. Altenberger et al. [193] found that residual stress field was almost fully
relaxed at T = 450-550 °C in Ti-6Al-4V. However the fatigue life was still greater than
the as machined condition due to reduced plastic strain amplitude by work
hardening.

The effect on fretting fatigue of laser peening has been investigated [173,194]. Liu
and Hill [195] reported fatigue lives up to three times greater after LSP treatment of
Ti-6AL-4V coupons compared to as machined coupons. However fatigue lives of shot
peened coupons was greater than laser peened coupons despite less surface
roughness and deeper compressive residual stress. The shot peened samples failed
due to fatigue crack initiation on the surface however the LSP samples failed due to
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subsurface initiation. It was concluded that the LSP samples failed due to the greater
magnitude of the balancing tensile residual stresses. It was noted by Srinivasan et al.
[196] that whilst LSP increased fatigue life it did not mitigate fatigue crack initiation.

LSP applied to 2024 aluminium has been reported in a number of papers
[147,149,174,175,197-199]. The fatigue life increased after LSP treatment of 2024-T3
specimens with corner cracks, centre holes, elliptical holes and crack-stop holes [91].
The peening pattern can influence the induced residual stress field and hence the
fatigue life [200,201]. It was reported [168,202-204] that the compressive residual
stress field induced by LSP increased the resistance of 300M steel and 304 stainless
steel to stress corrosion cracking.

It has been noted by some authors that LSP can actually reduce fatigue life. This was
attributed to internal cracking caused by the laser power density being above a
critical level [205]. Surface damage caused by laser peening without surface coating
was also reported as a cause [206]. Charderhai et al. [207] reported that balancing
tensile stress field increased the FCGR enough to effectively wipe out the beneficial
effect of the induced compressive residual stress field.

2.4.6 Application of LSP to thin sheet to improve fatigue properties

The applications of laser peening reviewed so far have been concerned with plate
material of 5 mm thickness and greater. A review of the literature of investigations
and theoretical predictions concerning laser peening of thin sheet (<3 mm) is
contained below.

The effect of LSP on the fatigue performance of holes in thin sheet aluminium has
been studied by Ivetic et al. [208]. They used a Nd:YAG laser (2.8 J, 9 ns, 1.5 mm spot)
on 3 mm thick 6082-T6 aluminium and measured negative effects on fatigue lives if
the hole was drilled prior to peening and positive effects if the hole was drilled post
peening. They concluded that LSP needs to be optimised for the intended application
specifically in thin sheet and that sequence of operation is crucial. However similar
investigations [209,210] of LSP treatment (Nd:glass, 18 ns, 10 mm spot, 5 GW/cm2)
on 2.5 mm thick 2024-T3 aluminium containing pre-existing fastener holes, multiple
crack stop-holes, and single edge notch found beneficial effects on fatigue
performance. Residual stress, -360 MPa, was measured at the surface that decreased
with depth to about -60 MPa at 1 mm. Striation spacings on the fracture surfaces
were measured and found to be smaller on peened than unpeened. It was also found
that improvement in fatigue crack initiation life attributed to LSP decreased as the
associated stress concentration factor of the notched samples increased.

Tang et al. [211] investigated LSP treatment of 2.5 mm 2024-T62 aluminium. The
parameters of the Nd:glass laser used were a 30 ns pulse duration, 7 mm spot size,
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and varied energy between 8-20J. An increase in surface hardness and residual
compressive surface stress (average 30MPa) was measured. Fatigues lives increased
by a factor of up to 9.8 after LSP treatment and this was attributed to the residual
stress field.

The effect of repeated impacts (1 to 3) from a Nd:YAG laser (5J, 10ns, 3mm spot) on
hardness, residual stress, and fatigue life of 2 mm thick 6061-T6 aluminium were
studied by Zhou et al. [212]. They found that hardness increased with the number of
impacts. The maximum compressive stress increased from 146 MPa to 213 MPa and
depth of the compressive stress zone increased from 0.51 mm to 0.62 mm as the
number of impacts increased from 1 to 3 respectively. The fatigue life compared to
unpeened material also increased from 7% to 99% as the number of repeated
impacts increased. Fatigue crack initiation moved subsurface after LSP treatment and
fatigue striation spacings decreased.

Laser peening has been applied to friction stir welds in 3 mm thick 6061-T6
aluminium [213]. An Nd:YAG laser with parameters 60mJ, 8 ns, and 0.7 mm spot was
used. Fatigue strength increased after LSP when compared to both baseline and FSW
material. Hardness increased and surface tensile residual stress reduced in the
welded zone after LSP. It was noted that further enhancement could be achieved if
the LSP parameters were optimised for the application.

Residual strains were measured by Toparli & Fitzpatrick [214] in 1.8 mm thick 2024-
T351 sheet peened with a Nd:YLF laser (5.8&11.6 J, 18ns, 8x8 mm spot). They found
that the residual strains were greater as the power density and number of laser
passes was increased however they noted a need to balance peen intensity to
prevent “over-peening” that could reduce the strain field. They also found that the
strains perpendicular to the peening direction were smaller than those parallel and
this was attributed to distortion. Bhamare et al. [215] also noted in addition to careful
selection of the peening parameters that the peening sequence should carefully
considered. They noted that if the peening sequence is not proper tensile balancing
stresses at the sample edges may result.

The effect of LSP on 2 mm thick steel was studied [216]. An increase in hardness after
LSP (625-1695J, 4.3-25 mm spot) was found and tensile residual stress was measured
on the peened surface that varied from tension to compression in a sinusoidal way
with depth. A study using 1.3mm thick steel [217] also found that the hardness
increased (30 to 80%) after LSP (100J, 3 mm spot). Compressive residual stress was
measured from the surface (100 MPa) and the compression zone extended 75 um
from the surface. Yilbas et al. [218,219] studied the effect of an Nd:YAG laser (450mJ,
8ns, 2.5 mm spot) on 2 mm thick 316 steel and Ti-6Al-4V titanium. They found an
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increase in hardness in the irradiated zone by a factor of 1.8 and 1.5 for steel and
titanium respectively.

Residual stress fields induced by laser peening have been predicted using the finite
element method for 2 mm thick 2024-T351 sheet by Ivetic [220] and on 1-3mm thick
Ti-6AL-4AV sheet by Ding & Ye [221]. It was predicted [222] that as thickness
increased from 3 to 6 mm the surface compressive stress on both the peened and
non-peened faces decreased and for thin sheet the compressive stress on the non-
peened side was actually greater. The effect of laser peening on mechanical
properties and microstructural changes of steel and aluminium alloys ranging from 2-
3mm thickness has also been studied [223-226].

In a paper by Dorman et al. [227] laser peening (0.5-3 GW/cm2) was applied to 2 mm
thick 2024-T351 prior to introduction of scribes in the material. It was found that as
the power density increased so too did the depth and magnitude of the maximum
compressive stress. Fatigue lives after peening varied with a reduction of 10% to
increases of up to 47%.

2.4.7 Predicting effect on Fatigue Crack growth of Residual Stress

Two methods have been widely used to predict the fatigue crack growth rate through
residual stress fields. The first employs the superposition method and the other is
based on the crack closure. The superposition method requires calculation of the
stress intensity factor associated with the initial pre-existing residual stress field (Kres)
[79]. The stress intensity factor due to residual stress is then superimposed on the
stress intensity factor due to the external applied loading (Kapp) to give a total
resultant stress intensity factor as shown in equations 2.34 and 2.35 below.

Ktot,max = Kapp,max + Kres  (2.34)
Ktot,min = Kapp,min + Kpes  (2.35)

The stress intensity factor range and stress ratio are then calculated using equations
2.36 and 2.37 below. It is interesting to note that for the superposition method 4K is
independent of the residual stress field and it is only the mean stress and stress ratio
that are affected.

AKior = Kiot,max — Keot,min = Kapp,max - Kapp,min = AK (2.36)

tot,min

K,
RtOt v (2.37)
Ktot,max

Fatigue crack growth rate can then be calculated using a correlation of the form
shown in equation 2.38 below.
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oy = [k Ree)  (238)

The weight function method and elastic-plastic FE analysis can be used to calculate
Kres and both have been found to produce similar results when applied to the same
problem [228]. The advantage of the weight function method is that it provides fast
reliable predictions however it does require a specific weight function for the
specimen geometry being analysed. Also some authors [229-231] have questioned
the validity of the weight function method to predict FCGR through residual stress
fields since the initial residual field is used during the whole analysis only i.e.
redistribution of the residual stress field with crack advance is not accounted for.
However others have disagreed [232,233] and stated that superposition is still valid
even without redistribution of the residual stress field. As stated the FE method can
be used to calculate Krs and can applied directly to arbitrary geometries. The FE
method naturally considers residual stress redistribution effects during crack
advance.

Beghini & Bertini [80] proposed three distinct phases of crack opening state (1) the
crack is completely open, (2) the crack tip is open while crack surfaces are partially
closed and (3) the crack is completely closed. If the crack is fully open superposition
principle applies. Since a compressive residual stress field will induce a negative Kres
the superposition method is still valid [84] assuming no crack face closure occurs
under the combined loading (i.e. Kitmin must be greater than 0). If the compressive
residual stress field is great enough to induce crack face closure another method
should be considered. A simple approach to deal with negative Ktotmin is simply to set
it equal to zero. This approach is known as the modified superposition method
[84,233,234]. The stress intensity factor range and stress ratio can be calculated using
equations 2.39 and 2.40 below

AK — {Ktot,max ’ if Ktot,min <0 (2 39)
tot Ktot,max - Ktot,min ’ if Ktot,min >0 .
0 ’ if Ktot,min <0
Rior = Kot min (2.40)

K ’ if Ktot,min >0
tot,max
If Kiotmin < O fatigue crack growth is calculated using a correlation of the form shown
in equation 2.41 otherwise equation 2.38 is still valid.
da

aN = f(AK;or, 0)  (2.41)
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The modified superposition method makes the assumption that crack opening occurs
at Kiormin. However as discussed in section 2.3 PICC can affect the opening stress level
and so crack opening can occur above the Kiomin at Kop. An effective stress intensity
factor range was defined in equation 2.28 along with a description of formulae for
prediction of the stress opening value. However since the residual stress field will
affect the crack tip plastic zone size, it will also affect the plastic wake left behind the
advancing crack and so the K, value. The effect of residual stress can be accounted
for in the formulae by use of Rey in place of R. Alternative the effect of residual on
crack closure can be computed directly using elastic-plastic FE analysis.

The stress opening level of a fatigue crack advanced through a compressive residual
stress field was studied using a 2D elastic-plastic FE analysis [79]. The stress intensity
factor due to the maximum applied load was determined using weight function
method. This was scaled using the predicted stress opening level to determine AKe.
FCGR was also predicted using the modified superposition method. The stress
intensity factor range was also calculated using the weight function method
combined with modified superposition. FCGR were calculated based on experimental
da/dN = f(AKes) curves. Closure results compared well with experiment but the
superposition was found to be non-conservative. It was noted that prediction of
closure level are highly dependent on the relationship used. It was also noted that the
initial residual stress and its redistribution with crack growth can result in final crack
opening away from the crack tip where it normally occurs under constant amplitude
loading. This can potentially complicate the methodology used to predict fatigue
crack growth.

Beghini & Bertini [135] employed the weight function method to determine Kres in
welded steel plates based on measured residual stress fields. They used the modified
superposition method to determine AK:: and Ryt Predicted FCGR were within a
factor 2.5 of measured data.

Jones & Dunn [88] considered residual stress fields from plastically bent 2024-T351
beams of 11 mm thickness. They compared measured FCGR to three LEFM
approaches: (1) superposition method, (2) modified superposition and (3)
superposition contact method using FE analysis. The superposition contact method
resulted in the closest agreement with experimental to a factor of 2 to FCGR data and
1.2 to fatigue life. They concluded that crack growth through residual stress fields
may be predicted provided the residual stress field is accurately known, the material
properties are not changed by the introduction of the residual stress field, and the
effect, if any, of partial crack closure is taken into account.
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Predicted and measured FCGRs through a residual stress field in a welded M(T)
sample were compared by Servetti [234]. Three prediction methodologies were
assessed namely superposition, crack closure based on Newman’s equations [59], and
crack closure based on an FE contact model. He found that the closure method based
on an FE contact model was in best agreement (within 20%) with experimental
measurements. He noted that accurate measurement of the residual stress field, in
particular the compressive region, was critical for accurate predictions.

The residual stress field induced via laser shock peening of 2 mm thick 6061-T6
aluminium was modelled by Zhao et al. [235]. Crack propagation was modelled from a
hole through the predicted residual stress field using the fatigue analysis software
MSC.Fatigue. The FCGR reduced and failure crack length increased due to the
compressive residual stress field. However no comparison with measured residual
stress field or FCGR was performed and therefore the predictions were not validated.
Similarly the FE method was used to determine K. due to a laser peen induced
residual stress field [236]. The induced stress field was also predicted using the FE
method. Predicted fatigue lives were within a factor of 1.2x of experimental lives
however predictions were sensitive to the analysis parameters used. The SIF was
calculated using J integral and related to K using LEFM. However J is path dependent
for a crack advanced through a residual stress field in an elastic-plastic material
[237,238]. Sherry et al. [239] used an in house post processer to determine J in a
residual stress field in an elastic-plastic material. However their post processor has
the limitation that in cannot account for crack face contact and so is unsuitable for
cases incolving compressive residual stress fields.
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3 Materials and Test Methods

In this chapter the methods used during experimentation are detailed. The material
used is characterised in section 3.1 and in section 3.2 the geometry of the test
samples is defined. The procedures used to recreate the scratch damage under
laboratory conditions are outlined in section 3.3. The methods used to characterise
the scratch damage is described in section 3.4. The laser shock peening treatment
parameters are given in section 3.5 and the methods used to characterise the effect
on the test samples of the LSP treatment are outlined in section 3.6. The tension-
tension and four point bend fatigue test procedures are given in sections 3.7 and 3.8
respectively. Measurement of striation spacing on the fracture surface was
performed after fatigue tests and the methodology followed is given in section 3.9.
Finally an interrupted test method was used to study the effect of LSP on crack
initiation and early crack growth and this is described in section 3.10.

3.1 Material Characterisation

The material was supplied by Airbus and sourced from Alcoa. It was supplied in 160 x
400 mm rectangular sheets and from these the required test specimen geometries
were machined. The material was 2024-T351 series wrought aluminium sheet 2 mm
thick clad on both sides. This is used commonly in the aerospace industry for aircraft
fuselage panels and wing skins. 2000 series alloy uses copper as its major alloying
element and the composition of 2024 aluminium as specified by Alcoa is given in
Table 3.1. The clad layer is of soft unalloyed aluminium and constitutes nominally
2.5% of the thickness (i.e. 50 um thick on each side).

Table 3.1: Specified alloy 2024 chemical composition limits (WT.%) [240]

Si ... 0.5 n . .. 0.25
Fe . .. 0.5 Ti... 0.15
Cu... 3.8-4.9 Others, each . . 0.05
Mn . .. 0.3-0.9 Others, total . . 0.15
Mg . .. 1.2-1.8 n . .. 0.25
Cr .. 0.1 Balance, Aluminium

Note: Value maximum if range not show

The T351 solution heat treatment requires heating the material to a temperature of
500°C followed by quenching to less than 40°C. After heat treatment it is stress
relieved by controlled stretching (1-3%) and then aged naturally. There is no further
straightening after stretching.

Using material from the same batch grain size was measured by Cini [42]. Samples
were polished and chemically etched and grain size measured using the line counting
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method. The substrate grain structure contained pancake shaped grains typical of
rolled sheet. The grains were 150-200 um in the longitudinal grain direction (L), 80-
100 pum in the long transverse direction (T), and approximately 20 um in the short
transverse direction (S). No grain structure was observed in the clad layer. The
thickness of the clad layer was measured using an optical microscope and found to be
70-80 pm.

The mechanical properties of the material were obtained by tensile test according to
ASTM standard E8M [241]. The tensile tests were conducted parallel to the rolling
direction. The tests were repeated five times and the average is reported in Table 3.2.

Table 3.2: Mechanical properties of Al 2024-T351

Young’s Yield Ultimate

Material Modulus E P;:tsigrz,s Stress Tensile atEIJ:anc%cztf?V)
(MPa) (MPa)  Stress (MPa) 0
2024-1351 72000 0.33 360 481 19

3.2 Fatigue Test Specimen Geometry

The tension-tension fatigue test samples had dogbone shape with minimum section
width of 80 mm as shown in Figure 3.1. The reduction in width was achieved by
material removal to a 340 mm radius as shown in Figure 3.1. This large radius created
a small stress concentration (K;) predicted [242] using FEM as 1.01.

200 mm

80 mm

340 mm
Scribe
200 mm

160 mm

Figure 3.1: Dogbone shaped specimen used for tension-tension fatigue tests
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The sample edges were rounded and polished using progressively finer grades of
emery paper down to P4000 grit. Edge polishing decreased the cross sectional area
(CSA) of the samples. The samples were 2 mm thick and so a maximum edge rounding
radius of 1 mm can be assumed. The reduction in CSA increases the nominal stress at
the section of minimum width by 0.5 %. Therefore to achieve the desired stress level
a slight reduction in external applied loading would be required. However the edges
were only slightly rounded and material removal was minimal. Therefore no
correction factor on applied external load was used. The combination of a large
material removal radius and polished edges minimised the potential for crack
initiation at the sample edges.

The scribes were machined at the mid length of the samples corresponding to the
section of minimum width and thus the highest stress. Details of the scribing
procedure are given in Section 3.3.

There is no applicable ASTM standard for four point bend fatigue test sample
geometry and so the sample was designed to fit an available four point bend test jig
(details of jig are given in section 3.8). The sample geometry used is shown in Figure
3.2 and was rectangular in shape with dimensions 80 mm wide by 210 mm long. As
for the tensile samples the samples edges were rounded and polished using emery
paper to inhibit fatigue crack initiation at the edges. The scribe was machined at the
mid length of the sample as shown in Figure 3.2.

210 mm

Scribe

80 mm

Figure 3.2: Rectangular specimen used for four point bend fatigue tests
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3.3 Scribing of Test Samples

As noted in section 2 the scratches found in service were created using blunt metal
objects such as blades. Recreating these types of scratches in a repeatable and
controlled manor is difficult. Therefore to replicate scratches in the laboratory a
diamond tipped tool was used to scribe the material. In contrast to the ploughing
nature of blunt tools the diamond tipped tool cut and removed material to create the
scratch and resulted in less plastically deformed material. The diamond tool created a
rounded tip V notch in the material as illustrated in Figure 3.3. Using the diamond
tool allowed precise control of notch depth (d), root radius (p), and wall angle (8). The
notch root radius was 5 um and the wall angle was 60° for all scribes. Scribe of depth
50 um and 150 um were created in samples.

Figure 3.3: Schematic of rounded tip V notch created using diamond tipped tool

A modified milling machine was used for the scribing process, shown in Figure 3.4.
The machine consisted of a backing plate with four suction ports and a moveable
stage that held the diamond tipped tool. The stage could be moved manually in the Y
direction, it could be set to travel automatically in the X direction and was fixed in the
Z direction. The sample was constrained to the backing plate by the four suction ports
and was orientated lengthwise in line with the Z axis. As mentioned the position of
the stage and hence the diamond tipped tool was fixed in the Z direction. To align the
tool with the sample midpoint metal shims were placed underneath the sample.

The notch root radius and wall angle were controlled by the shape of the diamond.
The third notch variable depth required detailed measurement of flatness across the
sample surface. A Mahr 1303 LVDT inductive probe (Figure 3.5) was placed on the
stage using a magnetic jig. The probe was connected to a MAHR 1200 IC compact
amplifier. The probe was positioned at one edge of the sample surface close to the
midpoint of the sample. The stage was then traversed in the X direction so the probe
travelled across the sample face and sample flatness was monitored on the amplifier.
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A flatness of +/-5% of the desired notch depth was required to ensure that the depth
of the notch was relatively constant along the scribe length. If the sample fell outside
this tolerance plastic shims were placed between the sample and the backing plate to
adjust flatness. Once sample flatness was within tolerance the diamond tipped tool
was placed in the stage as shown in Figure 3.6.

Tension-tension
fatigue specimen

Backing plate with
suction ports

Moveable stage

Tension-tension
specimen held by
suction ports

LVDT inductive probe

Figure 3.5: Measurement of sample flatness using LVDT probe
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The stage was then gradually moved in the Y direction until the diamond tool was
approximately 20 um from the sample surface. It was important not to contact the
tool with the sample face as to do so could damage the diamond. The diamond tool
was first located adjacent the sample face and traversed automatically in the X
direction at a travelling speed of 100 mm/min. If no contact was made with the
sample face the diamond was then moved 3 um closer in the Y direction and the
procedure was repeated. Once first contact of the diamond and the sample was
made this was considered the initial zero position, contact between the diamond and
sample was obvious by the build-up of swarf on the diamond. The probe was then
repositioned on the stage and the diamond was initially moved 5 um in the Y
direction and traversed across the sample face. This was followed by repeated cuts
incrementing the depth by 10 um on each cut, until the final 5 um cut to reach the
required 50 um or 150 um scribe depth. Using this procedure ensured constant scribe
depths to within +/-3 um across the width of the sample. After every three to four
scribing operations, the diamond tool was checked using an optical microscope for
damage and if found it was returned to the manufacturer for repair.

Figure 3.6: Scribing of sample surface using diamond tipped tool

Some samples had the sample face near the edge regions polished using emery paper
to remove the scribe. The extent of the region where the scribe was removed was
between 5 mm and 15 mm. When edge rework was performed it is noted along with
the test results in chapter 4.

3.4 Measurement of the Depth of the Scribes

The depth of the scribes was measured using an Olympus OLS3100 confocal laser
scanning microscope (LEXT). Using the LEXT a 3D map of the scribe at up to 100x
magnification was created. The LEXT software allowed quantitative measurements on
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the acquired 3D map to be taken and this was used to measure the depth of the
scribe. Due to the variation of flatness across the sample surface, as mentioned in
section 3.3, depth was not uniform along the scribe. Therefore measurements were
taken at three positions. For each fatigue test configuration samples were chosen
randomly for depth characterisation. The measured depths are listed in Table 3.3.

Table 3.3: Measured scribe depths

Sample Target Notch Measured Notch Depth (um)
No. Depth (um) Location1 Location2 Location3
TOO3 50 48 49 48
TO04 150 152 154 153
TOOS5 50 50 50 52
TOO7 50 47 49 51
TOO8 150 151 152 152
TO16 50 53 51 50
T021 150 153 153 152
T024 150 146 150 152
T027 50 50 51 53
TO30 150 155 153 151
BOO1 50 51 52 51
BOO3 150 147 148 151
BOO5 50 50 53 51
BO06 150 151 147 149
BOO8 50 48 47 48
BO11 150 151 154 153
SNO7 50 51 52 47
SNO9 50 52 48 50
SN13 150 153 150 149
SN17 150 149 146 149
Clo2 150 150 148 149
Clo5 150 153 152 150
Clo8 50 52 51 52

3.5 Laser Shock Peening Treatments

Laser peening treatment from three providers was used. These were Metal
Improvement Company (MIC), Universidad Politecnica de Madrid (UPM), and the
Toshiba Corporation. The laser system parameters as set during the peening
procedures are compared in Table 3.4. Toshiba provided two treatments with
different spot sizes. Laser peening was performed after cutting of the scribes in the
sample surface.
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Table 3.4: Comparison of laser peening parameters used

Parameter MIC UPM Toshiba
Laser Type Nd:glass Nd:YAG Nd:YAG
Wavelength (nm) 1064 1064 532
Laser Spot Geometry Square Circle Circle
Laser Spot Diameter (mm) 7.5 1.5 0.4 0.7
Application Time (ns) 18 10 8 8
Energy (J/pulse) 15.2 2.8 0.02 0.06
Peak Intensity (GW/cm?) 1.5 15.72 1.99 1.95

The MIC system used a Nd:glass laser with a 7.5 mm wide square spot. Two variants
of the MIC treatment were used and are termed 1 Row and 3 Row. The 1 row peening
pattern is illustrated in Figure 3.7. It consisted of three laser peening layers offset by
30% resulting in a total treated area width of approximately 15 mm. The laser
tracking direction was parallel to the scribe line and an overlap of approximately 2%
was used between each spot in the row. The 3 row peening was similar but consisted
of nine peening layers in total. Again an offset of 30% between layers was used and
this resulted in a total treated area width of approximately 30 mm. Both treatments
used a water jet tamping layer with aluminium foil ablative tape. The sample surface
after treatment is pictured in Figure 3.8

Laser Tracking Direction 7.5 mm Spot 30% Offset
> A —— Z
' Layer 1
Y
Layer 2
Layer 3

Figure 3.7: MIC 1 Row peen pattern consisting of three laser peening layers
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Figure 3.8: Sample surface after (A) MIC 1 row LSP treatment and (B) MIC 3 row LSP
treatment

The UPM treatment used a Nd:YAG laser with a 1.5 mm diameter circular spot. A
water jet tamping layer was used but no ablative tape. The peening pattern is
illustrated in Figure 3.9. The treated area was approximately 5 mm wide and
extended across the full 80 mm width of the specimens. The laser tracking direction
was parallel to the scribe line with an overlapping pitch of 0.75 mm. The surface finish
after UPM peening is shown in Figure 3.10.

Laser Tracking Direction 91.5 mm Spot  0.75 mm Pitch

7

YY)

’ 'ﬂ( ﬂ‘r 1(_ "07 "V

Figure 3.9: lllustration of UPM laser peening pattern
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Figure 3.10: Sample surface after UPM LSP treatment

Toshiba also used a Nd:YAG laser for the peening treatment. It had a circular spot and
two diameters were used of 0.4 mm and 0.7 mm. During peening the specimens were
submerged in a water tank and no ablative tape was used. The treated area was
approximately 5 mm wide and extended across the full 80 mm width of the
specimens. Three variations of the treatment were used to study the induced residual
stress field. The first variant used a 0.4 mm diameter laser with 18 pulses per mm®.
The laser tracking direction was parallel to the scribe line and an overlapping pitch of
0.236 mm was used as illustrated in Figure 3.11. The overlapping pitch between
peening rows was also 0.236 mm. The second variant again used a 0.4 mm diameter
laser but with 54 pulses per mm?. The overlapping pitch was 0.136 mm. Finally the
third variant used a 0.7 mm diameter laser with 18 pulses per mm?®. The overlapping
pitch was 0.236 mm. The treatments are referred to as 0.4(-18, 0.4-54, and 0.7@-18
respectively.
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Laser Tracking Direction

>
@0.4 mm Spot O 236 mm Pitch

(000

Row 1

Row 2

Row 3

Row n

Figure 3.11: lllustration of Toshiba 0.4-18 peening pattern

For fatigue tests two variants of Toshiba treatment were used for fatigue testing and
are compared in Figure 3.12. The first variant used a combination of the 0.4%-18 and
0.4(-54 treatments. The 0.4(-54 treatment extended 20 mm across the face from
both edges and the 0.4(-18 treatment was applied to the central 40 mm of the
sample. The second variant for fatigue testing applied the 0.4(-18 treatment across
the entire 80 mm width.

Figure 3.12: Surface after (A) Toshiba type 1 and (B) Toshiba type 2 LSP treatments

3.6 Characterisation of LSP Effects on Test Specimens
The effect of laser shock peen induced plastic deformation of the scribes was studied
using an Olympus OLS3100 confocal laser scanning microscope (LEXT). Pre and post
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peening 3D maps of the scribe geometries were created for comparison. Also
topographic images of the planar surface were created post peening with the LEXT.
The results are given in section 4.1.

After laser shock peening the fatigue samples were visibly distorted. To characterise
the distortion the sample geometries were measured using a coordinate
measurement machine (CMM) [The system had a specified accuracy of 1.7+3L/1000
um where L is the measured length]. Measurements were taken in lines along the
length of the samples i.e. perpendicular to the peening direction. For the UPM
peened samples the measurements consisted of seven lines spaced 10 mm apart with
a measurement interval of 25 mm along each line. For Toshiba peened samples the
measurements consisted of 15 lines 5 mm apart with a measurement interval of 1
mm along each line. No measurements were taken on MIC peened samples. The
measurement data was used to create 2D line plots of the sample geometry and are
shown with the experimental results in section 4.1.

The test samples characterised using CMM measurements were strain gauged prior
to fatigue testing using TML strain gauges of type FLA-5-23. These have a gauge
length of 5 mm, resistance of 120 ohms, and a gauge factor of 2.16. Prior to
installation the samples were cleaned using acetone. The gauges were bonded using
adhesive to the peened face and placed 15 mm from the scribe line along the central
axis. Strain gauges were also placed at the opposing position on the non-peened face.
Gauge lead extensions were soldered to the gauges. This allowed measurement of
tensile applied strain and the strain induced by out of plane bending.

3.7 Tension-Tension Fatigue Tests

Tension-tension fatigue tests were conducted using servo hydraulic machines with
maximum load capacities of 100 kN (shown in Figure 3.13) and 250 kN. The machine
that was used for each test is detailed with the results in Section 4.3. Strain gauged
specimens were connected to a National Instruments CompactDAQ modular data
acquisition system to record strain, load, and displacement. The dogbone fatigue
specimens were then hydraulically clamped into the 100 kN machine or clamped
using bolted grips into the 250 kN machine. In both cases the test specimens were
aligned centrally along the load path.

An R ratio of 0.1 was used for the fatigue tests. A maximum stress of 200 MPa at the
section of minimum width of the dogbone specimens was desired. This required a
maximum applied load of 32 kN. The fatigue tests were conducted at room
temperature. Fatigue tests using the 100 kN machine were done at 10 Hz whilst those
using the 250 kN machine were at 5 Hz. The tests were run until sample fracture.
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Figure 3.13: Tension-tension fatigue test using 100 kN servo hydraulic machine

A series of fatigue tests were done to develop an S-N curve. These tests were
performed using both the 100 kN and 250 kN test machines. Three samples
configurations all without LSP treatment were studied: non-scribed, scribed to 50 um
depth, and scribed to 150 um depth. An R ratio of 0.1 was used with the applied
stress range reduced after each test until a sample run out was achieved. For these S-
N tests the run out was set as 10x10° cycles.

3.8 Four Point Bend Fatigue Tests

Four point bend fatigue testing was done using a servo hydraulic machine with a
maximum load capacity of 20 kN, pictured in Figure 3.14. A schematic of the four
point bend test jig is shown in Figure 3.15. The jig consisted of two outer 31 mm
diameter contact rollers attached to a lower mounting plate and two inner 37 mm
diameter contact rollers attached to an upper mounting plate. The gauge section (i.e.
the distance between the centres of the inner rollers) was 80 mm. The distance
between the centre of the inner and outer rollers was 50 mm. The upper rollers were
free to rotate and kept in place by use of rubber O-rings whilst the lower rollers were
fixed. Lateral movement of the test sample was prevented by lips on the extremities
of the lower rollers and longitudinal movement was restrained by two plates fixed at
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the ends of the test sample. The test samples were placed in the jig scribed face
downward.

Figure 3.14: Four point bend fatigue test using 20 kN servo hydraulic machine

210 >
80

Figure 3.15: Schematic of four point bend test jig (dimensions in mm)

As for the tension-tension fatigue tests the R ratio was 0.1 and maximum desired
stress was 200 MPa. Four point bending induces a pure bending load and therefore if
a tensile stress of 200 MPa is induced on the scribed face a compressive stress of -200
MPa will be induced on the back face. The tests were conducted at a frequency of 1
Hz at room temperature. Sample failure was defined as fracture of the specimens.
Fatigue tests were initially performed in displacement control as the 20 kN load cell
was not capable of maintaining the small applied loads required. Subsequent tests
were performed in load control using a 1.5 kN load cell and also using a 500 N load
cell that were attached above the upper mounting plate.
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To measure the required stresses all test specimens were strain gauged using TML
strain gauges of type FLA-5-23. Gauges were bonded 15 mm on each side of the
scribe and at the opposing locations on the back face. External load was applied to
the samples until a strain corresponding to surface stresses of 20 MPa and 200 MPa
was achieved on the scribed face (278 pe and 2778 ue respectively) The displacement
or load at these strains was noted and used for the cyclic test.

3.9 Measurement of Striation Spacings

After completion of tension-tension and four point bend fatigue tests the distance
between fatigue striation marks on the fracture faces were measured using a Philips
XL30 SFEG scanning electron microscope (SEM). The fractured samples were first cut
to fit within the SEM chamber. After cutting the fracture faces were placed in alcohol
solution and cleaned using in ultrasonic bath.

To minimise measurement error, striation spacings were measured in bands of five to
ten. In addition five to ten bands at each position were measured. As discussed in
section 2.1.3 the relationship between fatigue striation marks and load cycles is a
topic of debate however the assumption was made in this work that the distance
between each striation mark accounted for the increment of crack growth that
occurred in one load cycle. The distance was measured from the scribe root of each
striation spacing measurement and therefore local fatigue crack growth rates at each
distance (i.e. crack length) was estimated. By measurement of striation spacing at
various distances from the scribe root an estimated of the FCGR against crack length
was established. Measurements of striation spacing were taken on both peened and
unpeened samples to allow comparison of the effect on FCGR of various LSP
treatments. The results of this study are given section 4.5.

This method was used to estimate FCGR because conventional methods were not
practical. Direct observation and measurment of crack length was not possible due to
the direction of crack growth. Some success has been reported using DCPD to
measure FCGR rate of short cracks 0.2 mm greater [145]. The replica method has also
been used with some success [42] however for it deemed unapproapriate for the
current work due to the possibility of high level of crack closure induced by the
compressive residual stress fields.

3.10 Measurement of Fatigue Crack Growth

Striation marks were not visible on the fracture faces in the region near the scribe
root. The closest striation marks visible were located approximately 50 um away. The
distance measured between striation marks increased with crack length. Therefore in
the first 50 um of crack growth the resolution required to observe striation marks
exceeded that achieved using the SEM.
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A series of fatigue tests was performed to solely study the effect of laser shock
peening on the crack growth region not observable using striation spacing
measurements. This was done by first cycling dogbone fatigue specimens to a pre-
determined number of cycles under the same test conditions as used for the tensile
fatigue tests (see Section 3.7). Once the required number of cycles was achieved the
cycling was stopped and the external applied load was increased linearly until sample
fracture. The fracture faces were then cleaned and crack length was measured using
an SEM. This test procedure was repeated for different cycle counts.

The samples scribed to 150 um all statically fractured at the scribe location. However
not all samples scribed to 50 um fractured at the scribe. This was attributed to the
scribe and fatigue crack having not penetrated through the soft cladding layer. Also
for the samples that did break at the scribe greater amounts of plastic necking was
observed compared to samples scribed to 150 um. The necking affects the accuracy
of the crack length measured. To alleviate this problem unclad samples were used to
study the effect of LSP on fatigue crack initiation for samples scribed to 50 pum.
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4 Experimental Results

In the first section of this chapter physical effects on the experimental samples
caused by the peening are described. This includes the effect of peening on the scribe
geometry, sample surface, and sample distortion. The residual stress fields induced
by laser peening are presented in section 4.2. In section 4.3 and 4.4 the results of
tension-tension and four point bend fatigue tests are listed respectively. In section
4.5 fracture characteristics of the fatigued samples are described. Also listed are
measured of striation spacings made on fracture surfaces. The results of interrupted
fatigue tests are presented section 4.6. And finally a summary of the chapter is
provided in section 4.7.

Throughout this and subsequent chapters the following terminology is used to refer
to the LSP treatments. MIC1 is the 1 row peening performed by Metal Improvement
Company and MIC3 is the 3 row peeing. UPM is peening performed by the
Universidad Politecnica de Madrid. Two peening treatments were performed by
Toshiba and these are referred to as TOSH #1 and TOSH #2. TOSH #1 was a
combination of 0.4(-18 and 0.4(-54 peening and TOSH #2 used only 0.4(-18
peening. For full details of the peening treatments refer to section 3.5.

4.1 Effect on Sample Geometry and Surface Finish of Laser Peening
The effect of laser peening on the surface finish at a scribe 50 um deep is shown in
Figure 4.1. These images were created using a confocal laser scanning microscope. An
unpeened scribe is shown in Figure 4.1 (A). This scribe was created using a diamond
tipped tool as described in section 3.3. The diamond tipped tool removed material
from the sample to create the scribe and minimal plastically deformed material was
left behind in its wake. In contrast using blunt tools (refer to section 2.2) the scribes
were formed by ploughing / plastically deforming the material. It cannot be
qguantifiably stated that the diamond tipped tool induced no residual stress as the
scribes were formed however any residual stress induced would be less than that
induced using blunt tools.

Shown in Figure 4.1 (B) is a scribe after peening by MIC. The MIC peening treatment
used a square laser spot 7.5 mm wide. The confocal image was square shaped 0.254
mm wide and at this scale the LSP treatment qualitatively had little effect on the
surface finish compared to the unpeened surface in Figure 4.1 (A). The nominal scribe
root radius created by the scribe was 5 um. After the MIC LSP the root radius was 3.5
um determined using the confocal imaging data.

Scribes after UPM and TOSH LSP treatment are shown in Figure 4.1 (C) and (D)
respectively. The UPM and TOSH laser spots were circular with a diameter of 1.5 and
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0.4 mm respectively. The lasers induced visibly greater plastic deformation than the
MIC laser. The root radius of the scribes was 12 and 6 um after UPM and TOSH LSP
treatments respectively.

- /
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Figure 4.1: Surface finish of 50 um deep scribes with (A) no peening, (B) MIC LSP, (C)
UPM LSP and (D) TOSH LSP

The surface of a TOSH peened sample is shown in Figure 4.2. The location of
individual laser hits as the system tracked across the sample was clearly identifiable
on the surface as shown in Figure 4.2 (A). A topographic image created using the laser
confocal microscope of the LSP treated surface is shown in Figure 4.2 (B). The image
has been overlaid with circles that represent to scale the #0.4 mm laser spots. The
centres of the spots are approximately 20 um higher than at the edges where the
spots have been overlapped up to 400%. The image also indicates that one of the
peening lines was out of sync with the other lines.
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Figure 4.2: (A) Sample surface after TOSH LSP treatment and (B) surface topography
overlaid with circles to scale of 0.4 mm laser spots

4.1.1 Residual Stress Induced Distortion

The LSP treatment was applied to one surface of the samples only. Distortion of test
samples then occurred to maintain equilibrium of the elastic stress field generated
following the laser induced plastic deformation. The distortion induced a balancing
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stress field as illustrated in Figure 4.3. This shows that the compressive residual stress
field on the peened face actually reduced due to sample distortion.

Non-equilibrated residual stress field

| induced from peening one surface
[

Neutral Axis

Peened Face

Non Peened Face |
[

OCompression I OTension

Neutral Axis
—

t

Equilibrated residual stress field created
through sample bending and residual stress
field redistribution

Figure 4.3: Effect of a non-equilibrated residual stress field on distortion and
resulting residual stress redistribution

The distortion after peening was measured using a Coordinate Measurement
Machine (CMM). In Figure 4.4 the surface profile of a sample without LSP treatment
is compared to samples with LSP treatment. No measurements of distortion were
taken on MIC treated samples. The untreated samples had initial distortion that was
attributed to the machining of the test specimens. After UPM and TOSH LSP
treatments the distortion increased.

The induced LSP distortion is confined to the peened area only which effectively acts
as a “hinge” with the ends of the sample following the line of the deflected region at
the edge of the peened area. A distortion angle was defined as the angle created by
the material flanking the peened region, as illustrated in Figure 4.4. The deflection of
the sample was defined as the difference in height between the position of the
sample ends and the position of the sample mid-point. The samples deflection is a
combination of the distortion angle created in the peened region and the overall
length of the sample, i.e. a bigger angle or longer sample will result in greater
deflection. The measured deflection and distortion angles are given in Table 4.1. The
UPM LSP treatment induced sample deflection of up to 3.2 mm. The TOSH LSP
induced sample deflection of up to 2.4 and 1.6 mm for treatment type 1 and 2
respectively.
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Figure 4.4: lllustration of CMM measured distortion of fatigue samples with and
without LSP treatment

Table 4.1: Effect on sample distortion of LSP treatment

Sample Treatment Length Angle Defection
No. (mm) (deg) (mm)
TO16 UPM 400 1.8 3.2
T017 UPM 400 1.8 3.2
T019 UPM 400 1.8 3.2
T020 UPM 400 1.5 2.6
T021 UPM 400 1.5 2.6
T023 TOSH #1 400 1.4 24
T024 TOSH #1 400 1.2 2.1
T028 TOSH #2 400 0.7 1.2
TO30 TOSH #2 400 0.7 1.2
BO09 TOSH #2 210 0.6 0.3
BO10 TOSH #2 210 0.9 0.8

4.1.2 Effect on Applied Loading of LSP induced Sample Distortion

Due to sample distortion induced by laser peening, the stress induced by the applied
load during the tensile fatigue tests was not uniaxial tension but tension combined
with out of plane bending. A bending component was induced at zero tension load
when the sample was first clamped in the grips as illustrated in Figure 4.5. A further
bending component is produced as the tensile load is ramped and the bent sample
becomes straightened. To measure the true surface strain, gauges were bonded on
both the peened and non-peened faces as illustrated in Figure 4.5. The surface strains
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were measured throughout the fatigue load cycle. Surface stresses were calculated

and are plotted in Figure 4.6.
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Figure 4.5: lllustration of clamping distorted fatigue specimen
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Figure 4.6: Surface stress applied during tension-tension fatigue tests determined
using in situ strain gauges

On the peened face of the samples treated by UPM the surface stress was less than
the nominal tensile stress and greater than nominal on the non-peened face. At the

maximum applied load the nominal stress is 200 MPa however the surface stresses
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were 158 MPa and 242 MPa on the peened and non-peened faces respectively. At the
minimum applied load the nominal stress is 20 MPa however the surface stresses
were -6 MPa and 46 MPa on the peened and non-peened faces respectively. These
values give an R ratio and stress range of -0.04 and 163 MPa on the peened face and
0.19 and 197 MPa on the non-peened face (nominal values were 0.1 and 180 MPa).

The TOSH treatment 1 induced less distortion than the UPM treatment and therefore
the effect on the applied load induced nominal stress was less. On the peened face
the maximum and minimum surface stresses were 186 MPa and 10 MPa. On the non-
peened face they were 214 and 30 MPa. This implied an R ratio of 0.05 and a stress
range of 176 MPa on the peened face and on the non-peened face 0.14 and 184 MPa.

The TOSH treatment 2 induced the least distortion. On the peened face the maximum
and minimum surface stress was 191 MPa and 13 MPa and on the non-peened face
was 209 and 27 MPa. This implied an R ratio of 0.07 and a stress range of 178 MPa on
the peened face and on the non-peened face 0.13 and 182 MPa.

When fatigue lives of unpeened and peened samples are compared, increases in life
produced by the peening will require interpretation in the light of the fact that the
stress range on the peened surface has been reduced and that on the unpeened
surface increased with respect to the nominal tensile value of 180 MPa.

4.2 Residual Stress Fields induced by Laser Shock Peening

The residual stress fields induced by laser shock peening were measured using the
incremental hole drilling method by Toparli [132]. A brief description of the results is
provided in this section to aid understanding of the fatigue results that follow in
subsequent sections.

The incremental hole drilling technique was described in chapter 2 however
reminding that residual stress is measured in two perpendicular directions depending
on the alignment of the strain gauge and that residual stress is measured in
increments through the depth. The alignment of the strain gauges by Toparli [132]
provided stress measurement parallel and perpendicular to the scribe as illustrated in
Figure 4.7. Throughout the current work the direction parallel to the scribe line is
termed S1 and perpendicular to the scribe line (i.e. the applied loading direction) is
termed S2. Only residual stress measured in the S2 direction is presented in this
section. A detailed description of the complete residual stress fields measured by
Toparli is provided in appendix A.
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Figure 4.7: Direction of residual stress field measurements in relation to fatigue
specimens

The residual stress fields that were measured by Toparli [132] in the S2 direction are
compared in Figure 4.8. For comparison the depth of the 50 um and 150 um deep
scribes is illustrated. The TOSH LSP treatment induced the greatest compressive
residual stress of the four LSP treatments. The peak compressive stress was 204 MPa
and was located approximately 100 um from the peened surface. In comparison the
UPM LSP treatment induced a peak compressive stress of 106 MPa and was located
112 um from the peened surface. The compressive residual stress field induced by
the UPM LSP extended further from the surface (0.7 mm) than field induced by TOSH
LSP (0.35 mm) however the UPM LSP induced tensile residual stress near the surface.

The MIC1 and MIC3 LSP treatments also induced residual stress fields that were in
tension near the peened surface. The MIC3 LSP treatment induced the deepest
compressive stress field that extended 0.8 mm from the peened surface. However
the MIC3 LSP treatment also induced the largest tensile region that extended 90 um
from the peened surface. The MIC1 LSP treatment induced comparatively little
residual stress.
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Figure 4.8: Comparison LSP induced residual stress fields in the S2 direction
measured by Toparli [132]

4.3 Tension-Tension Fatigue Tests

A description of the tension-tension fatigue test procedures was given in Section 3.7.
A total of 30 fatigue life tests were performed and are detailed in Table 4.2 with the
results provided in Table 4.3. Baseline fatigue tests of unpeened material in the
pristine condition, and with scribe defects of 50 um and 150 um were performed
initially. The results are compared with those of Cini [42] in Figure 4.9 whom used the
same test methods. The difference between the results was attributed to the normal
scatter associated with fatigue testing. In the current work the majority of tests used
material from the same batch however in a small number of cases material from a
second batch was used as highlighted in Table 4.2. In addition to material
characterisation of this batch (section 3.1) fatigue testing showed no discernible
difference in fatigue performance i.e. the pristine fatigue life for batch 1 was on
average 430297 cycles and for batch 2 was 424,240 cycles. The unpeened fatigue
results gathered in the current work were combined with those from Cini [42] to
increase sampling size. The fatigue performance of unpeened material with and
without scribe defects is reported in Table 4.4. It was found that a scribe 50 um deep
reduced the fatigue life to 16% of the pristine life whilst a scribe 150 um deep
reduced the life to just 5%.
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Table 4.2: Description of tension-tension fatigue tests

Test No. Test Description

TO01 No notch, Clad, Baseline test

T002 No notch, Clad, Baseline test

TOO3 50 um notch, Clad, Baseline test

T004 150 um notch, Clad, Baseline test

TO05 50 um notch, Clad, MIC 3 row LSP

TO06 50 um notch, Clad, MIC 1 row LSP

TOO7 50 um notch, Clad, MIC 1 row LSP

TOOS8 150 um notch, Clad, MIC 3 row LSP

TO09 150 um notch, Clad, MIC 3 row LSP

TO10 150 um notch, Clad, MIC 1 row LSP

TO11 150 um notch, Clad, MIC 1 row LSP

TO12 50 um notch, Clad, UPM LSP

TO13 50 um notch, Clad, UPM LSP

T014 150 um notch, Clad, UPM LSP

TO15 150 um notch, Clad, UPM LSP

TO16 50 um notch, Clad, UPM LSP, Edge rework after LSP
TO17 50 um notch, Clad, UPM LSP, Edge rework after LSP
T018 150 um notch, Clad, UPM LSP, Edge rework after LSP
TO19 150 um notch, Clad, UPM LSP, Edge rework after LSP
T020 150 um notch, Clad, UPM LSP, Edge rework

T021 150 um notch, Clad, UPM LSP, Edge rework

T022 50 um notch, Clad, TOSH #1, Edge rework

T023 50 um notch, Clad, TOSH #1, Edge rework

T024 150 um notch, Clad, TOSH #1 , Edge rework

T025 150 um notch, Clad, TOSH #1, Edge rework

T026 No notch, Clad Batch 2, Baseline test

T027 50 um notch, Clad Batch 2, TOSH #2, Edge rework
T028 50 um notch, Clad Batch 2, TOSH #2, Edge rework
T029 150 um notch, Clad Batch 2, TOSH #2, Edge rework
TO30 150 um notch, Clad Batch 2, TOSH #2, Edge rework
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Table 4.3: Tension—tension fatigue test results

Test Notch Peening Fatigue Life % of Pristine % Change in
No. Depth(um) Treatment (Cycles) Sample Life Fatigue Life
TOO1 0 n/a 403212 n/a n/a
T002 0 n/a 528923 n/a n/a
TOO3 50 n/a 84947 20 n/a
TO04 150 n/a 21852 5 n/a
TOO5 50 MIC 1 Row 63340
TOO6 50 MIC1Row 72391 } 16 3
TOO07 150 MIC 1 Row 20576
T008 150 MIC1Row 28243 il 24
TO09 50 MIC3 Row 107106 25 53
TO10 150 MIC 3 Row 30484

8 81
TO11 150 MIC3Row 40740 }
TO12 50 UPM 103927
TO13 50 UPM 127488 } 27 66
TO14 150 UPM 32808
T015 150 UPM 37684 +s =
To16 50 UPM 1829341
TO17 50 UPM 258246 } >l 216
TO18 150 UPM 51347

12 167
TO19 150 UPM 54038 } 6
T020 150 UPM 68371

1 24
TO21 150 UPM 66953 s 3
T022 50 TOSH#1 234449
T023 50 TOSH#1 224596 } >3 229
TO24 150 TOSH#1 2729129

61 1231
T025 150 TOSH#1 252087 } 3
T026 0 n/a 424240 n/a n/a
T027 50 TOSH#2 316589

74 352
T028 50 TOSH#2 3154357 B
T029 150 TOSH#2 306093

69 1409
T030 150 TOSH#2  289153% }

@ Eracture not at scribe
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Figure 4.9: Comparison of baseline tension-tension results with Cini [42]

Table 4.4: Average fatigue lives of unpeened specimen

Scribe Depth  Average Fatigue % of Pristine

(nm) Life (cycles) Sample Life
0 429085 n/a

50 69867 16
150 19728 5

The effect of the laser peening treatments on the fatigue performance of samples
scribed to 50 and 150 um depths is illustrated in Figure 4.10 and Figure 4.11
respectively. Considering the MIC1 and MIC3 LSP treatments, tests were performed
using 50 and 150 um scribed samples with no edge rework. The fatigue life of samples
scribed to 150 um depth increased by 24% after MIC1 LSP treatment but actually
reduced by 3% for samples scribed to 50 um depth. MIC3 LSP treatment increased
the life of samples with 50 um and 150 um deep scribes by 81% and 53% respectively.
The longer fatigue lives of samples after MIC3 LSP treatment than after MIC1 LSP
treatment could be due to the greater compressive residual stress field induced (see
Figure 4.8).
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Figure 4.10: Comparison of fatigue lives tested in tension-tension after LSP
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Figure 4.11: Comparison of fatigue lives tested in tension-tension after LSP
treatments using 150 um scribed samples

In total ten fatigue tests were perfomed using samples scribed and then peened with
UPM LSP treatment as shown in Table 4.3. The first four tests were performed using
samples scribed to 50 and 150 um depths with no sample edge rework (test no. T012
to T015). The fatigue lives increased by 66% and 79% respectively compared to
unpeened scribed samples. In all tests fatigue failure was due to crack initiation at the
root of the scribes.

The next four tests used samples scribed to 50 and 150 um depth with reworked
sample edges (test no. T016 to T0O19). The rework extended 5 mm from the edge and
was performed after LSP treatment. The fatigue life of peened samples with scribes
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50 and 150 pm deep increased by 216% and 167% respectively compared to
unpeened scribed samples. The sample scribed to 50 um depth fractured due to crack
initiation on the non-peened face directly opposite the peened region. However the
samples scribed to 150 um depth fractured due to crack initiation at the root of the
scribe. Large thumbnails were evident on the fracture surface near the reworked
region/scribe run out. It was considered that edge rework would have relieved the
LSP induced compressive residual stress in the reworked region since it was
performed after peening. Therefore two tests were performed using samples scribed
to 150 um depth with edge rework performed before LSP treatment (test no. T020
and T021). Indeed the fatigue was greater than when edge rework was performed
post peening. The fatigue life increased by 243% compared to the unpeened scribe
material. Both samples fractured due to crack initiation at the toot of the scribe.

A total of eight samples were tested using TOSH LSP treatments. As described in
Section 2.4.6 two variants of TOSH treatment were used for the fatigue trials. The
first variant referred two as TOSH #1 used a combination of the 20mj—0.4¢—54/mm2
and 20mj-0.4@-18/mm?’ peening treatments. The second variant referred to as TOSH
#2 used solely the 20mj-0.4-18/mm? peening treatment across the entire scribe
length. All samples had edge rework extending 15 mm from the sample edges that
was performed before LSP treatment.

Firstly consider the TOSH #1 peening treatment. The fatigue life of 50 and 150 um
deep scribed peened samples increased by 229% and 1231% respectively compared
to unpeened scribe samples. In this case the fatigue crack that caused fracture did not
initiate at the root of the scribes 50 and 150 um deep but instead on the non-peened
face. In contrast to the 50 um deep scribed samples with UPM peening the fatigue
crack that caused failure did not initiate on the surface directly opposed to the
peened area but instead remote from the peened area completely.

The greatest improvement in fatigue life was after the TOSH #2 LSP treatment. Both
50 and 150 pum deep scribed samples resulted in similar fatigue lives with
improvement of up to 1409% measured compared to unpeened scribe samples. As
for the TOSH #1 case, the fatigue cracks that caused failure initiated on the non-
peened face and remote from the opposing peened area. As reported in section 4.1
the TOSH #2 treatment induced less distortion than the TOSH #1 treatment.
Therefore the improved fatigue performance is attributed primarily to the reduced
stress range on the non-peened face.

The stress ranges measured on the peened face during fatigue testing was reported
in section 4.1 after UPM and TOSH treatments. The fatigue lives are plotted against
measured stress range in Figure 4.12 and Figure 4.13 for the 50 and 150 um deep
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scribed samples respectively. The reference fatigues lives at stress ranges of 180 MPa
and 160 MPa were from fatigue tests whilst the reference data at stress ranges of 175
MPa and 178 MPa were interpolated from the other points.
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Figure 4.12: Effective life improvement considering effects of reduced stress range
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Figure 4.13: Effective life improvement considering effects of reduced stress range

on the peened surface of 150 um scribed samples

For the samples scribed to 50 um depth (Figure 4.12) the reduced stress range

resulted in a significant increase in fatigue life. Therefore the percentage fatigue life

improvement as stated in Table 4.3 is corrected for in Table 4.5 considering effects of
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distortion. The effect of the reduced stress range was not as significant in the case of
the 150 um scribed samples as shown in Figure 4.13 . A marginal increase in fatigue
life was found at the 160 MPa stress range compared with the nominal stress range
of 180 MPa. However the percentage fatigue life improvements are also updated in
Table 4.5.

Table 4.5: Improvement in fatigue life based on stress range

Scribe Depth Life improvement Life Improvement

LSP Treatment (um) based on nominal based on measured
" stress range (%) stress range (%)
50 +216 +40
UPM
150 +243 +121
50 +229 +150
TOSH #1
150 +1231 +1069
50 +352 +302
TOSH #2
150 +1409 +1330

4.3.1 Tension-Tension Fatigue Tests at reduced Stress Range

A series of fatigue tests were performed at reduced stress ranges using unpeened
clad material, see Section 3.7 for details of the test procedure. These tests were
performed to determine the endurance limit of the baseline material and investigate
the effect on the endurance limit of the scribes Samples were tested in three
conditions namely unscribed, scribed to 50 um depth and scribed to 150 um depth.
The stress range was reduced after each test until a sample run out was achieved (10’
cycles). The samples tested are listed in Table 4.6 together with details of the stress
range used and the number fatigue cycles applied at the end of the test. The majority
of the samples were tested using a 100 kN test frame however some samples were
tested using a 250 kN test frame as noted in Table 4.6.

The results are plotted in Figure 4.14. Included are fatigue test results at a stress
range of 180 MPa from Table 4.3. Also included are tests at reduced stress ranges for
samples containing 185 um scribes from [42]. The results marked with an arrow note
a test run out. The endurance limit of the pristine material was 145 MPa. This
reduced to 125 MPa for material with a scribe 50 um deep and 80 MPA for material
with a scribe 150 um deep. These results will be explored further in the discussion
section.
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Table 4.6: Details of tension-tension tests at reduced stress range and results

Test No. Notch Stress Range Fatigue
Depth (um) (MPa) Life (Cycles)
SNO1 0 170 500851
SNO02 0 160 731779%
SNO3 0 150 3152313%
SNO4 0 145 327283916)
SNO5 0 145 952059
SNO6 0 145 12916043
SNO7 50 160 164830
SNOS 50 160 150555
SNO9 50 140 563703
SN10 50 130 2777037
SN11 50 125 10088036
SN12 150 160 30517
SN13 150 160 30770
SN14 150 140 47525
SN15 150 120 82694
SN16 150 100 335206
SN17 150 90 483433
SN18 150 80 11483388
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Figure 4.14: S-N curve for pristine and scribed samples at R = 0.1
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4.4 Four Point Bend Fatigue Tests

Four point bend tests were performed to avoid the distortion related effects
encountered during tension-tension testing. A description of the four point bend test
procedures was given in section 3.8. In total 12 tests were performed and are
outlined in Table 4.7. Samples were tested in the pristine condition and with scribe
defects of depth 50 and 150 um with and without LSP. Laser peening treatment was
applied after scribing. As described in section 3.8 four point bend tests were initially
performed in displacement control due to limitations with the available load cell
however later during the project tests were performed in load control with the
availability of a lower capacity load cell.

Table 4.7: Four point bend fatigue tests

Test Scribe Test Control Treatment

No. Depth (um)

BOO1 50 Displacement Unpeened

B002 150 Displacement Unpeened

BO03 150 Displacement Unpeened

B0O04 50 Displacement  UPM no edge rework
BOO5 50 Displacement  UPM no edge rework
B0O06 150 Displacement  UPM no edge rework
B0O7 150 Displacement  UPM no edge rework
B0OS8 50 Displacement  TOSH w/ edge rework
B0O09 50 Load TOSH w/ edge rework
B0O10 150 Load TOSH w/ edge rework
BO11 150 Load TOSH w/ edge rework
BO12 0 Load Unpeened

The fatigue test results are provided in Table 4.8. The fatigue life of the pristine
sample tested in bending was 1.28x greater than the pristine life observed in tension-
tension. Failure of the sample in bending occurred due to fretting between the
sample / contact roller interface. The fatigue life of samples scribed to depths of 50
and 150 um was 1.01x and 1.22x greater than samples tested in tension-tension
respectively. These samples fractured due to crack initiation at the root of the scribes.

Four scribed samples with UPM peening were tested. The samples did not have
reworked edges. The fatigue life of samples scribed to 50 um depth with UPM LSP
was 39% greater than the unpeened fatigue lives. The fatigue life of samples scribed
to 150 pum depth with UPM LSP was 65% greater than the unpeened fatigue lives.
Again these samples fractured due to crack initiation at the root of the scribes.
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Table 4.8: Four point bend clad material fatigue test results

Test Scribe Peening Fatigue Life % Improvement
No. Depth (um) Treatment (Cycles) in Fatigue life
= B001 50 n/a 70012 n/a
5 B002 150 n/a 23452
[
S  B0O3 150 n/a yager I "2
€  BO04 50 UPM 91717
© 39
E  BOOS 50 UPM 102512 e
&  BOO6 150 UPM 43936
S B0O7 150 UPM 35678 s
2 Boos 50 TOSH #2 587904 T e
—  B009 50 TOSH #2 484560%
& Bo10 150 TOSH #2 5794941
1997
®  Boll 150 TosH#2  430224®
- BO12 0 n/a 5501441 n/a

W Run out, @ Failed at roller

Scribed samples were tested that has TOSH #2 LSP treatment and 15 mm of edge
rework (note: the same as used in the tension-tension tests). These samples were
manufactured from a different material batch than the other tests. The fatigue life of
the 50 and 150 um deep scribed samples was 666% and 1997% greater than the
unpeened fatigue lives respectively. For these samples fracture occurred due to
fretting between the sample / contact roller interface. A pristine sample (i.e. no scribe
and unpeened) from the same material batch was also tested. Fracture again
occurred at the point of roller contact. The fatigue life was comparable to that
measured for the scribed samples with TOSH LSP treatment.

4.5 Fractography and Fatigue Crack Growth Rate

The fracture surfaces of the fatigue samples were examined optically. The MIC1 and
MIC3 LSP treated samples fractured at the scribe and exhibited similar failure
characteristics. The fracture surface of a sample scribed to 50 um depth and with MIC
peening is illustrated in Figure 4.15. It had a single large thumbnail at one end and
small thumbnails along the root of the scribe that were not fully coalesced. The
fracture surface of a 150 um deep scribed sample with MIC peening is illustrated in
Figure 4.16. The fracture surface was similar to the 50 um scribed sample however
the fatigue crack propagating from the root of the scribe had coalesced before
sample fracture.

80



Fatigue Crack Propagation

45° Static Fracture

SN ¢

Fatigue Crack Propagation 50um Scribe

Figure 4.15: lllustration of fatigue crack development on fracture surface of 50 um
deep scribed sample with MIC peening treatment

Fatigue Crack Propagation

) 45° Shear
90° Rapid Fracture Li
Ip
+ J

> |

/
Fatigue Crack Propagation 150um Scribe

Figure 4.16: lllustration of fatigue crack development on fracture surface of 150 um
deep scribed sample with MIC peening treatment

Samples scribed to 50 um depth and with UPM LSP treatment displayed similar
failure characteristics to the MIC peened samples. As shown in Figure 4.17 it had a
single large thumbnail at one end and smaller thumbnails along the root of the scribe
that had not fully coalesced.

Crack Propagation
from Sample Edge

\

45° Shear Lip

Crack Propagation
from Scribe Root 50um Scribe

Figure 4.17: lllustration of fatigue crack development on fracture surface of 50 um
deep scribed sample with UPM peening treatment and without edge rework

However UPM peened samples scribed to 50 um depth with edge rework did not
fracture at the scribe but instead due to fatigue crack initiation on the non-peened
face. The initiation location was directly opposite the peened area and the samples
fracture within the peened region as shown in Figure 4.18. Fatigue crack initiation on
the back face was attributed to the distortion induced through peening and the
associated increase in applied surface stress on the non-peened face. It is also
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possible that tensile balancing residual stress existed on the non-peened face that
would encourage early crack initiation compared to non-peened samples however
stress on the back face was never measured. A fatigue crack had initiated at the root
of the scribe as observed using SEM and shown in Figure 4.19.

b

Scribe line

Figure 4.18: Fracture location on 50 um deep scribed sample with UPM peening and
edge rework

& Fatigue crack at root of 50 pm deep scribe

AP

Figure 4.19: Fatigue crack initiation at root of 50 um deep scribed sample with UPM
LSP treatment after fatigue fracture remote from scribe
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The UPM peened samples scribed to 150 um depth with and without edge rework all
fractured at the scribe and displayed similar failure characteristics on the fracture
surfaces which are illustrated in Figure 4.20 below. A large thumbnail was observed at
the one sample edge and a fully coalesced fatigue crack had propagated from the
root of the scribe as shown in Figure 4.21.

Fz;tigue Crack Propagation

90° Static Fracture

J

4

A

Fatigue Crack Propagation 150um Scribe

Figure 4.20: lllustration of fatigue crack development on fracture surface of 150 um
deep scribed sample with UPM peening treatment

T “irully’doalesced:
- ofatigue crack -

. .1-5:0116'-1.;cribe o .
A A

Figure 4.21: Fully coalesced fatigue crack advancing from root of 150 um deep
scribe in sample peend using UPM treatment

All of the TOSH peened samples fractured due to fatigue crack initiation on the non-
peened face which was again attributed to the LSP induced distortion and resultant
increased applied stress range on the back face. However unlike the UPM peened
samples for the TOSH peened fatigue crack initiation on the back face occurred
remote from the peened area. Fatigue cracks were observed to have initiated at the
root of the scribes 50 um and 150 pum deep as shown in Figure 4.22 and Figure 4.23.
The fatigue crack at the root of the 150 um deep scribe was clearly visible along the
entire length of the scribe which indicated full crack coalescence before fracture.
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Distinct but separate fatigue cracks were visible along the length of the 50 um which
indicated that crack coalescence had not happened before fracture.

¥ A -

}. Fatigue crack at root of 50 um deep scribe 555

A ; ; T

; 4
EA oy . M
1
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2\ .
o AoV ¢8pot Wagn ‘D WD
20,0y 3.0 *600% “SE#6 1
i s K o J - &

Figure 4.22: Fatigue crack visible at root of 50 um deep scribe in sample peened
using TOSH LSP treatment after fracture remote from scribe

ACN 8pot Magn -Det WD ——=t=— 100 ym

\
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o
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Figure 4.23: Fatigue crack visible at root of 150 um deep scribe in sample peened
using TOSH LSP treatment after fracture remote from scribe
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Striation spacings on the fracture surfaces of unpeened and UPM peened samples
were measured for samples tested in tension-tension and four point bend. The
procedures followed were described in section 3.9. The measured striation spacings
were converted to an estimate of da/dN as described in section 3.9. Crack length was
calculated into effective stress intensity factor range using FE models as will be
described over subsequent chapters. Shown in Figure 4.24 is AK.s plotted against
da/dN calculated from measurements taken on 50 um deep scribed samples tested in
tension-tension. The measurements implied that the peening treatment had little to
no effect on the FCGR compared to unpeened samples at least over the crack length
range measured. Shown in Figure 4.25 is AK.z plotted against da/dN calculated from
measurements taken on 150 um deep scribed samples tested in tension-tension. In
this case there does appear to be reduction in the FCGR in peened samples compared
to unpeened samples.

Shown in Figure 4.26 is AK.f plotted against da/dN calculated from measurements
taken on 50 um deep scribed samples tested in four point bend and for 150 um
scribed samples in Figure 4.27. Again the measurements imply that peening had little
to no effect on the FCGR compared to unpeened samples. However it should be
noted that striations were not visible on the fracture surface close to the root of the
scribe. It is likely that the residual stress field had greatest effect on FCGR in this
region when the crack length is short and the applied stress intensity range was low.
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Figure 4.24: FCGR data calculated from measurements of striation spacings on the
fracture surface of 50 um deep scribed samples tested in tension-tension
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Figure 4.25: FCGR data calculated from measurements of striation spacings on the
fracture surfaces of 150 um deep scribed samples tested in tension-tension
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Figure 4.26: FCGR data calculated from measurements of striation spacings on the
fracture surfaces of 50 um deep scribed samples tested in four point bend
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Figure 4.27: FCGR data calculated from measurements of striation spacings on the
fracture surfaces of 150 um deep scribed samples tested in four point bend

4.6 Fatigue Crack Growth Measurements

The FCGR data gathered from measurement of striation spacings on fracture surfaces
could only account for approximately 10% of total fatigue life (estimated from back
calculation using the acquired da/dN vs ‘a’ data) . To study the effect on crack
initiation and early fatigue crack growth of laser peening a series of interrupted
fatigue tests was performed. A description of the test procedures was given in section
3.10. The tests performed are listed in Table 4.9. Only TOSH LSP treatment was used
to peen the samples and the samples edges were reworked to 15 mm.

Four unpeened samples scribed to 150 um depth were fatigued to 15006, 10029,
2508, and 501 cycles noting that the expected fatigue life was 19728 cycles (Figure
4.11). Therefore this represents approximately 76%, 51%, 12.5%, and 2.5% of the
expected fatigue life respectively. After reaching the required number of cycles the
applied load was ramped until sample fracture. The fracture faces were then studied
using an SEM and fatigue cracks were observed to have initiated and propagated
from the root of the scribes in all cases. The crack length was then measured on the
SEM at locations along the scribe length. Figure 4.28 shows fatigue cracks that had
initiated and propagated from the the root of the scribes in the four test cases
studied. The tests showed that after 501 cycles the fatigue crack length averaged 9
um although full crack coalescence was not achieved. In the other three cases the
fatigue cracks had fully coalesced.
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Table 4.9: Interrupted fatigue crack growth tests

Test Notch Fatigue Av. a
Test Description g

No. Depth (um) Cycles (um)
Clol 150 Clad, unpeened 15006 97
Clo2 150 Clad, unpeeded 10029 60
Clo3 150 Clad, unpeened 2508 19
Clo4 150 Clad, unpeened 501 9
CIOo5 150 Clad, TOSH #2 200005 24
Cloe 150 Clad, TOSH #2 100005 20
Clo7 150 Clad, TOSH #2 10009 19
Clos 50 Clad, unpeened 10003 9
Clo9 50 Clad, unpeened 5006 n/a

(1) Fracture not at scribe

15006 cycles 10029 cycles
aav. =97 pm aav. = 60 pm

AccV SpotMagn Det WD F————— 100pm AccV Spot Magn  Det WD
200kV 4.0 200x SE 6.1 20.0 kV 3.0 200x S [:

aav. =19 pm

2508 cycles : =
1150 i 501 cycles

aav. =9 um

AccV Spot Magn  Det WD AccV SpotMagn  Det WD " 200ym
20.0 kv 8.0 360x SE 65 200kV 3.0 160x SE 62

Figure 4.28: Fatigue cracks at root of 150 um scribes after (a) 15006 cycles, (b) 10029
cycles, (c) 2508 cycles, and (d) 501 cycles

The average crack length measured is plotted against the number of load cycles
applied before fracture in Figure 4.29. Also plotted is FCGR date calculated for the
striation spacing measurements of section 4.5. The results indicated that fatigue crack
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initiation occurred very soon after the first applied load and maybe even on the first
applied load. The four interrupted test measurements indicated that crack length
then increased linearly with the number of applied load cycles. The striation spacing
measurements indicated that crack growth rate increased rapidly during the final 10%
of the fatigue life before final fracture.
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Figure 4.29: Comparison of measured crack length in 150 pum deep scribed samples
from interrupted tests and measured striation spacings

Three 150 um deep scribed samples were peened with TOSH LSP treatment and used
for interrupted test. These were fatigued to 200005, 100005, and 10009 load cycles
before static fracture. This represented 67%, 34%, and 3% of the expected fatigue life
of 297623 cycles (Figure 4.11). The fracture faces were studied using an SEM. The
length of the fatigue cracks was measured and is plotted in Figure 4.30. Also a fatigue
specimen scribed to 150 um depth with TOSH LSP treatment was studied (test no.
T030). As described in section 4.5 although this specimen failed due to crack initiation
on the unpeened face, the fracture revealed a partial section along the scribe line
that allowed for direct measurement of crack length at failure, as shown in Figure
4.30 (A). The measured fatigue crack length for the four samples is plotted in Figure
4.31 along with the measurement data gathered from the unpeened specimens. The
plot implied that after an initial period of crack growth the compressive residual
stress induced via peening was sufficient to arrest fatigue crack propagation from the
root of the scribe.
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Figure 4.30: Fatigue cracks at root of 150 um deep scribes in peened clad material
after (a) 289153 cycles, (b) 200005 cycles, (c) 100005 cycles, and (d) 10009 cycles
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Figure 4.31: Comparison of measured crack lengths for peened and unpeened clad
material containing 150 um deep scribes
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Two tests were conducted on unpeened clad material with 50 um scribes. These were
cycled to 10003 and 5006 cycles. The first sample (10003 cycles) statically fractured at
the scribe however a large amount if plastic necking was observed. The fracture face
is pictured in Figure 4.32. The fatigue crack at the root was not fully coalesced and
averaged 9 um in length. The sample cycled to 5006 cycles did not fail at the scribe
line. The clad layer is approximately 70 um thick and therefore the scribe / initiated
crack do not penetrate into the substrate. As the clad layer has low yield strength
(approximately 120 MPa) the stress concentration is low and the effect on tensile
strength is minimal. However the scribe was studied using a SEM and cracks were
observed to have initiated at the root but no measurement of length was possible.

L oa K e Cracks at root of 50 um deep scribe

aav. =9 pm 5006 cycles
AccV SpotMagn Det WD ————— 50um AccV SpotMagn Det WD 1 100m

200kv 3.0 500x SE 62 200kV 3.0 200x SE 6.1

Figure 4.32: Fatigue cracks at root of 50 um scribed clad material after (a) 10003
cycles and (b) 5006 cycles

4.7 Summary of Results

It was found that residual stress induced via LSP can affect the fatigue life of scribed
samples tested in tension-tension. This ranged from a further 3% decrease up to a 15
times increase of the fatigue life compared to unpeened scribed material. Care should
be taken when peening on one sample side only as the unbalanced stress field
induced can cause significant sample distortion particularly in thin sections. The
distortion caused out of plane bending in tension-tension fatigue tests that altered
the applied surface stress experienced by the sample. This caused premature crack
initiation on the unpeened surface compared to unpeened samples. Therefore fatigue
tests were performed under four point bend and the fatigue life was measured
equivalent to that of the pristine material. However in this case failure was due to
crack initiation caused by fretting between the sample and the loading rollers.
Through a series of interrupted tension-tension fatigue tests it was found that LSP did
not stop crack initiation at the root of the scribes but that the residual stress field
arrested crack propagation after an initial period of crack growth. This implied that
the fatigue life of the scribed material could be restored to that of pristine material
even in tension-tension but only if distortion was minimised.
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5 Effect of Residual Stress on Stress Intensity Factor

In this chapter the effect on stress intensity factor of residual stress fields induced by
LSP is considered. A FE model representative of the fatigue specimens was developed
and is described in section 5.1. FE modelling was an efficient method to
systematically study the effect on SIF of the measured residual stress fields combined
with the external applied loading. The method to calculate SIFs using the FE approach
is described in section 5.2. In section 5.3 SIFs are calculated for the case of external
applied loading only. Fatigue crack propagation was not modelled explicitly however
a crack was advanced from the root of the scribe and the SIF at different length cracks
is reported. Note that in this section the length of fatigue cracks is defined as the
distance from the crack tip to the peened surface i.e. in reference to a crack of length
500 um the crack tip would be 500 um from the peened surface.

The measured residual stress fields were not completely through thickness and this
caused problems of global stress balancing in the FE model. A method was developed
to balance the measured residual stress fields prior to inclusion in the FE model and
the steps involved are described in section 5.4. As described in section 2.4.7 the
residual stress fields were measured in samples that did not contain scribes. The
residual stress field input to the FE model was redistributed around the scribe in the
first step of the FE analysis. The redistribution of the measured residual stress fields in
the presence of the scribe is reported in section 5.5. The redistribution of the residual
stress field due to crack advance from the root of the scribe is reported in section 5.6.
The effect on the SIF, the SIF range and the stress ratio of the different residual stress
fields is reported in section 5.8.

The abbreviations used to refer to the four measured residual stress fields induced by
LSP are as used in previous sections i.e. MIC1, MIC3, UPM and TOSH.

5.1 Description of Elastic FE Model used for Calculation of SIFs

The Abaqus software version 6.11 [243] was used for FE analysis including both pre
and post processing and equation solving. As described in Section 3.2 a radius of 340
mm was used to reduce the width of the dogbone fatigue specimens from 160 mm to
80 mm at the gauge section. The reduction of area induced a stress concentration (K:)
and hence a stress variation across the sample width under external applied loading.
However the K: was predicted using FEM to be minimal (1.01 [242]) and the stress
variation will be minimal also. Therefore the fatigue test specimens were modelled as
a two-dimensional cross section.

A schematic of the two-dimensional geometry modelled in the FE analysis is shown in
Figure 5.1. In this orientation the sample width is 2 mm and the thickness is 80 mm
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(at the scribe line). Since the thickness was 80 mm and the width was 2 mm plane
strain conditions were assumed. The fatigue test specimens are symmetrical about
the scribe root and therefore symmetrical boundary conditions were used with only
half the geometry modelled. The external applied loading was across the top surface
of the model as depicted in Figure 5.1 and it was possible to implement either tensile
or pure bending external applied load. The external loading in tension was 32 kN and
equated to a nominal stress of 200 MPa at the gauge section, excluding the scribe
area. For pure bending the stress on the notched face was 200 MPa in tension and
reduced linearly to 200 MPa in compression on the back face. It was deemed
unnecessary to model the full sample length (200 mm assuming symmetry about the
scribe root) since the only stress concentration is at the scribe. An elastic stress decay
distance of 10 times the defect size is generally accepted [244]. The largest scribe
depth modelled was 150 um and therefore the elastic decay distance was 1.5 mm
however the geometry as modelled had a height of 3 mm as shown in Figure 5.1. The
scribe was modelled as a rounded tip V notch with a root radius of 5 um and a wall
angle of 60 degrees. Two notch depths were modelled, 50 um and 150 pum.

L Width: 2 mm <

~ “1

Applied Loading on Upper Surface

A A

Height:
3mm

\
i’ A B A

Symmetry Boundary Conditions

Figure 5.1: Schematic of FE model geometry showing dimensions, boundary
conditions and applied loading
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Elements of type CPE4R were used to mesh the geometry. These are four noded
plane strain quadrilateral elements with reduced integration. A mesh sensitivity
analysis to determine the appropriate element size at the scribe root was performed.
The o022 stress at the scribe root was chosen as the control parameter for mesh
refinement. The FE mesh was refined until further accuracy increment of the
calculated o22 stress at the scribe root was less than 0.1%. A meshed geometry that
contained a scribe 50 um deep is shown in Figure 5.2 for reference. Element size
along the crack path was progressively increased from 0.1 um at the scribe root to a
maximum element size of 37.9 um. The FE model that contained the scribe 150 um
deep used the same maximum and minimum element sizing to maintain consistency.

S N N g o

N N W

Figure 5.2: Finite element mesh used to model sample scribed to 50 um

Linear elastic material properties were used in the FE model. These were Young’s
modulus of 72 GPa and Poisson’s ratio of 0.33 (reference section 3.1). In linear elastic
conditions there is no distinction between the cladding and substrate material. Crack
advance was modelled using a node release scheme. To advance the crack the
symmetry boundary conditions applied to individual nodes ahead of the crack tip
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were removed. The minimum increment of crack advance is therefore determined by
the element size ahead of the crack tip. However to reduce computational effort,
nodes were released in groups to increase the increment of crack advance.

5.2 Method of Calculation of Stress Intensity Factor
The stress intensity factor (K) can be calculated for plane stress and plane strain
conditions using equations 5.1 and 5.2 respectively,

K =+vGE (Plane Stress) (5.1)

GE
1—v2

(Plane Strain)  (5.2)

where E is Young’s modulus, v is Poisson’s ratio and G is the Strain Energy Release
Rate (SERR). The SERR was evaluated using the modified Virtual Crack Closure
Technique (VCCT) [245]. For VCCT the mode | component of SERR is calculated for
four node finite elements using equation 5.3 below and illustrated in Figure 5.3,

G Z(W; —w,.)  (5.3)

~ 24a
where 4a is the length of the element behind the crack tip and Z; is the force at the
crack tip (nodal point i in Figure 5.3). The relative displacements behind the crack tip
were calculated from the nodal displacement at the upper crack face W; (nodal point
Jj) and the nodal displacement W at the lower crack face (nodal point j*).

a Aa Aa

~ -t -

crack closed

Figure 5.3: Virtual crack closure technique for four-node elements
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To check the accuracy of the FE modelling methodology and VCCT, SIFs were
calculated for a geometry that contained an initial crack 50 um deep (no scribe). The
results are shown in Figure 5.4. Two load conditions were considered, tension-tension
and pure bending. SIFs were also calculated using equations 5.4 and 5.5 from
Anderson [6] for tension-tension and pure bend applied load respectively. The SIFs
predicted using the FE method compared well with those predicted using equations
5.4 and 5.5.

2
(i) _kiBVw _ tan g1y 0.752 + 2.02 (%) +037(1- SinE)B] (5.4)
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Figure 5.4: SIF calculated using the FE method and analytical method for tension-
tension and pure bend applied load

5.3 SIFs Calculated for External Applied Loading Only

The SIFs at the minimum (Kapp,max) and maximum (Kapp,min) Nominal applied stresses
(20 and 200 MPa) were calculated using the methods described in the previous
section and the results are shown in Figure 5.5. A crack was advanced from the root
of scribes 50 um and 150 um deep. Crack advance from the scribe root was simulated
using a node release scheme and SIFs were calculated at increments of crack
advance. SIFs calculated using a FE model of an unscribed sample are also shown in
Figure 5.5, in this study the crack was advanced from the sample surface and SIFs
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were again calculated at increments of crack advance noting that the element size
used in this model was equivalent to the element size used at the notch tip.
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Figure 5.5: SIFs at crack tip at maximum and minimum nominal applied stress

The SIFs at the minimum nominal applied stress were a factor 10 smaller than at the
maximum nominal applied stress i.e. simply a function of the applied stress ratio R =
0.1. The SIFs at the root of the scribes of 50 um and 150 um depth were less than at a
crack tip of 50 um and 150 um length respectively. When the crack was advanced
approximately 7 um from the root of the scribe 50 um deep and 15 um from the root
of the scribe 150 um deep the calculated SIFs were equivalent at a crack of the same
length i.e. 57 um and 165 um respectively.

Elastic S22 stress contours at the root of the scribes of 50 um and 150 um deep at the
maximum nominal applied stress (200 MPa) is shown in Figure 5.6 (A) and (B)
respectively. The stress concentration at the root of the scribe 150 um deep (K: =
13.2) is greater than are the root of the scribe 50 um (K: = 7.9). The effect of the
greater stress concentration is clearly evident with larger area of material in excess of
the material yield stress (360 MPa), coloured red in the figures.
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50 um 150 um

Figure 5.6: Elastic S, stress contours at root of scribe (A) 50 um and (B) 150 um
deep

The elastic S22 stress distribution along the crack path from the root of scribes 50 um
and 150 um deep at maximum nominal applied stress (200 MPa) is shown Figure 5.7.
The maximum residual stress at the root of the scribe 150 um deep was 1.7x greater
than at the root of the scribe 50 um deep (ratio of the K; of each scribe i.e. 13.2 / 7.9).
However is should be noted that as the analysis used elastic material properties the
maximum stress at the root of the scribes is a function of the minimum element size.
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Figure 5.7: Elastic S22 stress along crack path from root of scribes 50 um and 150
um deep at maximum nominal applied stress

5.4 Inclusion of Residual Stress Fields Induced by LSP in FE Models

This section details the method used to include residual stress fields induced by LSP in
the FE models. One approach is to model the LSP treatment using FE analysis and to
predict the induced residual stress field directly however this was deemed outside
the scope of the current work. An alternate approach, and that used in the current
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work, is to input to the FE model a stress field as an initial condition. The stress fields
input as initial conditions were the residual stress fields induced by LSP and measured
using hole drilling [132] as presented in section 4.1. The residual stress fields were
measured in increments from the peened surface to approximate depth of 1 mm. A
total of 20 increment steps were made during measurement of the MIC1, MIC3, and
UPM residual stress fields and 14 increment steps were made during measurement of
the TOSH residual stress field. Measurement of residual stress was in two directions,
parallel to the laser tracking direction (S1 direction) and perpendicular to the laser
tracking direction (S2 direction). The S2 direction is the applied loading / crack
opening direction and only the residual stress measured in this direction was input to
the FE model.

The initial condition (i.e. residual stress field) was input to the FE model using the
Abaqus user subroutine Sigini [243]. The measured residual stress fields are plotted in
Figure 5.8 (A), (B), (C) and (D) for MIC1, MIC3, UPM and TOSH LSP respectively. In the
written subroutine the residual stress at element integration points located between
two measurement points was interpolated linearly. When using an initial condition in
Abaqus a command step is required named ‘Unbalanced Stresses’. If the initial
condition is not in a state of global equilibrium, this command will determine
equilibrium through either elongation or shortening and bending of the modelled
geometry. The distortion will impose tensile and bending balancing stresses and alter
the initial residual stress field as demonstrated in Figure 5.9. The measured residual
stress fields were not in global equilibrium since the measurements were to only
partial depth. Therefore distortion of the FE models occurred. The residual stress
fields after FE model distortion (termed Abaqus balanced) are plotted in Figure 5.8 (A)
to (D) for the MIC1, MIC3, UPM and TOSH residual stress fields respectively.

The Abaqus balanced residual stress fields are significantly different than the
measured residual stress fields, shown in Figure 5.8. For example the maximum
compressive stress for the UPM LSP treatment is 33% less after balancing. It has been
noted [88, 234] that the accuracy of predicted FCGR through residual stress fields is
highly dependent on the accuracy of the residual stress field data. Therefore it is
important that the residual stress fields used in the FE analysis are equivalent to
those measured.
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Figure 5.8: Comparison of measured and Abaqus balanced residual stress fields for
(A) MIC1, (B) MIC3, (C) UPM and (D) TOSH LSP treatments
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To retain the initial conditions after the ‘unbalanced stress’ command, the initial
condition (i.e. residual stress field) must satisfy equations 5.6 and 5.7 below.

Za +Za =0 (5.6)
Tension Compression
ZM =0 (57)
C

where c is the midpoint of the model width as shown in Figure 5.9. The measured
residual stress fields extended approximately 1 mm from the peened surface. A
balancing residual stress was introduced over the remaining length (i.e. from 1 to 2
mm) to maintain the measured residual stress field. To develop the balancing stress
field the first step was to determine the level of imbalance of the measured residual
stress field. Equations 5.8 and 5.9 were used to calculate the force and moment
imbalance respectively.

Azfoa (x)dx (5.8)

M=AXx <a - %foax . am(x)dx> (5.9)
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Where o™ is the measured stress field and a denotes the depth residual stress field
measurement. The balancing stress field consisted of two components: first a pure
tensile / compressive stress field to satisfy equation 5.6 and second a pure bending
stress field to satisfy equation 5.7, as illustrated in Figure 5.10. The magnitude of the
balancing tensile / compressive stress field (0/) was determined using equation 5.10.

A
of =—— (5.10)
t—a

Where t is the sample thickness (i.e. 2 mm). The balancing bending stress field (o?)
was evaluated using equation 5.11.

ol = M©) (5.11)

t—a
Where y is the distance from (t-a)/Z2. Finally an equilibrated residual stress field (o¢)
was defined. This was a combination of the measured residual stress field and the
balancing tensile / compressive and bending residual stress fields and was
determined using equation 5.12.

0% = 0(gnq) T O(aney (5.12)

where O(0»a)=0"  (5.13)
and Ofay=0+0"  (5.14)

The MIC1, MIC3, UPM and TOSH measured residual stress fields are compared to the
derived equilibrated residual stress fields in Figure 5.11 (A), (B), (C) and (D)
respectively.
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Figure 5.10: Development of equilibrated residual stress field
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It has been stated by Bao et al. [228] that SIFs calculated at crack lengths within the
measured residual stress field are not affected by the balancing residual stress and
that SIFs calculated at crack lengths outside the measured residual stress field are not
meaningful. The following study was performed to validate this statement. Two
hypothetical residual stress fields were created for the study and are referred to as
field 1 and field 2, these are plotted in Figure 5.12.
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- = =Field 2
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Distance from Surface (mm)

Figure 5.12: Residual stress fields used to validate use of equilibrated measured
stress fields in FE analysis of SIFs

The two fields had residual compressive stress of magnitude -100 MPa that extended
0.5 mm from the surface and for the purpose of this study represent the ‘measured’
residual stress field. For field 1 the compressive stress of -100 MPa continued 1 mm
from the surface and the region between 1 mm and 2 mm was used for residual
stress field balancing. For field 2 the region between 0.5 mm and 2 mm was used for
stress field balancing. This results in two very different balancing residual stress
profiles as shown in Figure 5.12 noting however that both are in global equilibrium.

A crack was advanced 1 mm from the surface in the FE model. The residual stress
intensity factor Kr.s was calculated at crack lengths increments and is plotted in Figure
5.13. The Krs were equivalent until a crack length of 0.5 mm i.e. within the
‘measured’ residual stress field. At crack lengths greater than 0.5 mm the K. differed
due to the two different balancing residual stress fields.

The analysis validated that SIFs calculated at crack lengths within the measured
residual stress field are independent of the balancing residual stress and that SIFs
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calculated at crack lengths outside the measured residual stress field would not be
meaningful, as has been stated by Bao et al. [228].
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Figure 5.13: Comparison of K;.s for two residual stress fields with equivalent
‘measured’ but different balancing residual stress

5.5 Redistribution of Residual Stress at Scribe Root

The LSP induced residual stress fields were measured using incremental hole drilling
in unscribed samples. Equilibrated residual stress fields were developed in section 5.5
that maintained the measured residual stress fields in FE models of unscribed
geometries. Residuals stress fields were not measured in the vicinity of scribes. In this
section the redistribution of the equilibrated residual stress field around the scribed
geometries using FE analysis is reported.

The MIC1, MIC3, UPM and TOSH residual stress fields in the area around the scribes is
shown in Figure 5.14, Figure 5.15, Figure 5.16 and Figure 5.17 respectively where (A)
is a plot of the original and redistributed residual stress field along the crack path
from the root of scribes 50 um and 150 um deep and (B) and (C) are contour plots of
the elastic S22 stress at the root of scribes 50 um and 150 um deep respectively.

Considering the MIC1 LSP treatment in Figure 5.14, the residual stress at the root of
both scribes was in tension. The stress at the root of the scribe 150 um deep (78 MPa)
was less than the stress at the root of the scribe 50 um deep (179 MPa). In fact the
residual stress along the crack path from the root of the scribe 150 um deep was fully
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tensile. The residual stress ahead of the scribe 50 um deep was in compression
between 145 to 215 um from the peened surface.

The root of the scribe 150 um deep was located in a compressive region of the
equilibrated residual stress field (located 80 to 220 um from the peened surface).
However after rebalancing the residual stress at the scribe root is in tension. This
implied that the tensile residual stress near the peened surface affected the residual
stress at the scribe root.

Consider the MIC3 LSP treatment shown in Figure 5.15. The root of the scribe 50 um
deep was located in a tension region of the equilibrated residual stress field and after
rebalancing the residual stress at the root was in tension. The root of the scribe 150
pum deep was located in a compression region of the equilibrated residual stress field
however after rebalancing the residual stress at the scribe root was in tension. Again
this implies that the tensile residual stress near the peened surface affected the
residual stress at the root of the scribe 150 um deep. The magnitude of the tensile
stress at the scribe root is lower for MIC3 (5 MPa) than MIC1 (78 MPa) despite the
greater magnitude of the MIC3 equilibrated stress field this was because the tension /
compression residual stress behind the scribe root was more balanced for MIC3 than
MIC1 i.e. for MIC3 the ratio of tension stress behind the scribe root was 2.6x greater
than the compression stress behind the root whereas for MIC1 it was 9.3x greater
(this is a ratio of the area between the residual stress curve and neutral axis).

The root of the scribe 50 um deep was located in a tension region of the UPM
equilibrated residual stress field, shown in Figure 5.15. After rebalancing the residual
stress at the root was in tension. The root of the scribe 150 um deep was located in a
compression region of the equilibrated residual stress field and after rebalancing the
residual stress at the root was in compression. In this instance compression stress
behind the scribe root 150 um deep was 3x greater than the tension stress.

The TOSH equilibrated residual stress field was in compression from the peened
surface to a depth of approximately 340 um. Therefore the stress at the root of both
scribes after rebalancing was in compression. The residual stress at the root of the
scribe 150 um deep was greater than at the root of the scribe 50 um deep.
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Figure 5.14: MIC1 residual stress field induced stress concentration at root of (B) 50
pm and (C) 150 um scribe
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Figure 5.15: MIC3 residual stress field induced stress concentration at root of (A) 50
pm and (B) 150 um scribe
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5.6 Redistribution of Residual Stress with Crack Advance

The redistribution of the equilibrated residual stress fields at the scribe root was
reported in section 5.5. In this section a crack was advanced from the root of the
scribes and the resultant redistribution of the residual stress fields is reported.

The effect of crack advance through the MIC1, MIC3, UPM, and TOSH residual stress
fields is shown in Figure 5.18, Figure 5.19, Figure 5.20 and Figure 5.21 respectively.
The crack was advanced from the root of scribes 50 um and 150 um deep using a
node release scheme and the residual stress field ahead of the crack tip is shown in
the figures. From the scribe 50 um deep crack lengths of 100, 150, 250 and 400 pm
are reported (note: crack length is measured from the peened surface) and from the
scribe 150 um deep crack lengths of 250 and 400 um are reported.

First consider the MIC1 residual stress field in Figure 5.18. The rebalanced residual
stress at the crack tip is in tension at all crack lengths reported. The stress at the tip of
cracks advanced from the scribe root 150 um deep was greater than the stress at the
tip of cracks advanced from the scribe root 50 um deep. In the FE models the element
size increases from the scribe root along the crack path. For examples the element
size at the crack tip of length 250 um advanced from a scribe 50 um deep was 4.1 um
whereas advanced from a scribe 150 um deep the element size at the crack tip was
2.1 um. Since elastic conditions were assumed the stress at the crack tip approaches
infinity and therefore a smaller element size at the crack tip will result in a greater
stress. However it can be observed in Figure 5.18 that the stress distribution ahead of
the crack tip is equivalent for cracks advanced from scribes 50 um and 150 um deep.
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Figure 5.18: MIC1 residual stress field redistribution with crack extension
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The effect of crack advance through the MIC3 residual stress field is shown in Figure
5.19. The measured residual stress field was tensile at the surface and became
compressive a distance 92 um from the surface and it remained in compression until
805 um from the surface. The stress at the root of the scribe 50 um deep was in
tension. The tip of the crack of length 100 um was located in a compressive region of
the measured residual stress field but the stress at the crack tip was in tension. This
implied that the tensile residual stress behind the crack tip affected the stress at the
crack tip. At tip of cracks of length 250 and 400 pum the residual stress was in
compression. The transition from tensile to compressive residual stress at the crack
tip occurred at a length of approximately 150 um.
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Figure 5.19: MIC3 residual stress field redistribution with crack extension

The effect of crack advance through the UPM residual stress field is shown in Figure
5.20. The measured residual stress field was tensile at the surface and became
compressive a distance 64 um from the surface. At the root of the scribe 50 um deep
the residual stress is tensile. The stress at the tip of cracks of length 100 um and
greater was compressive.

Shown in Figure 5.21 is the effect of crack advance though the TOSH residual stress
field. The measured residual stress was compressive at the surface and transitioned
to tension a distance 342 um from the surface. The stress was in compressive at the
tip of the cracks reported in Figure 5.21. The tip of the crack of length 400 um was
located in a region of the measured residual stress field that was in tension. However
after rebalancing the stress at the tip was in compression. Again this implied that the
residual stress behind the crack tip affected the stress at the crack tip.
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Figure 5.20: UPM residual stress field redistribution with crack extension
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Figure 5.21: TOSH residual stress field redistribution with crack extension

The stress field at the tip of a crack of length 150 um is compared to the stress field at
the root of the scribe of depth 150 um in Figure 5.22 (A) and (B). The crack of length
150 um was advanced from a scribe root of depth 50 um. In the figure stress greater
than the compressive yield stress (-360 MPa) is coloured dark blue. The length of the
region in excess of the yield stress was measured along from the crack tip / scribe
root along the crack path. It was measured as 23.9 um in length ahead of the 50 um
crack and 24.5 um in length ahead of the 150 um scribe.
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A similar comparison is made in Figure 5.23 however in this case a crack of length 250
um that was advanced from a scribe root of depth 50 um and 150 um is compared.
The length of the region in excess of the yield stress was measured as 26.4 um in
length ahead of the 50 um crack and 27.7 um in length ahead of the 150 um scribe.

The difference in area of material in excess of the yield stress may be a function of
the different element sizes in these regions only with further FE analysis required.
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Figure 5.22: TOSH S,, stress contours at (A) crack tip of length 150 um and (B) root
of scribe of depth 150 um
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Figure 5.23: TOSH S,, stress contours at crack tip length 250 um of (A) advanced
from scribe 50 um deep and (B) advanced from scribe 150 um deep

5.7 Calculated Residual Stress Intensity Factors

The MIC1, MIC3, UPM and TOSH residual stress field induced stress intensity factors
(Kres) are reported in Figure 5.24. Krs was calculated at crack advance increments
from the root of scribes 50 um and 150 um deep. It was reported in Figure 5.18 that
the MIC1 rebalanced residual stress at the crack tip was in tension at all crack lengths
reported and in Figure 5.24 below it is shown that the MIC1 residual stress field
induced K is fully positive. The UPM and MIC3 residual stress field induced Kres is
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positive at the scribe root 50 um deep and transitioned to negative at a crack tip
approximately 85 um and 166 um from the peened surface respectively. The
transition of Ky from positive to negative occurred at the same depth as the crack tip
stress transitioned from tension to compression as reported in Figure 5.19 and Figure
5.20. Finally it was reported in Figure 5.21 that the TOSH rebalanced residual stress at
the crack tip was in compression at all crack lengths and in Figure 5.24 below it is
shown that the TOSH residual stress field induced Ky is fully negative.
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Figure 5.24: Comparison of residual stress intensity factors

5.8 Effect of Residual Stress on Applied SIF Range and Stress Ratio
The effect on the applied SIF range and stress ratio of the MIC1, MIC3, UPM, and
TOSH residual stress fields is reported in Figure 5.25, Figure 5.26, Figure 5.27 and
Figure 5.28 respectively. In these figures part (A) reports the stress intensity factor
due to the maximum (Kappmax)and minimum (Kappmin) nominal applied stress from
section 5.3 and the residual stress intensity factor (Kres) from section 5.7. Also shown
in part (A) of the figures is the maximum total stress intensity factor (Kiotmax)
calculated using equation 5.15 below.

Ktot,max = Kapp,max + Kres  (5.15)

Part (B) of the figures report the minimum total stress intensity factor (Kwotmin). TWO
methods were used to calculate K:ocmin. The first method is named the superposition
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method (SP) where Kiotmin Was calculated using equation 5.16 below. This method
ignores crack face contact and can result in negative values of Kiotmin.

Ktot,min = Kapp,min + Kyes  (5.16)

The second method is called the modified superposition method (M.SP) where Kot min
was calculated using equation 5.17 below. This method is equivalent to superposition
if Kiormin is greater than zero. However the modified superposition method accounts
for crack face contact by setting values of K:y:min less than zero as equal to zero.

0

5.17
Kapp,min + Kres ( )

. <0,

Ktot,min = lf(Kapp,min + Kres) {> 0,

Part (C) of the figures report the stress intensity factor range (4K). For the

superposition method Kyes has no effect on AKqpp as demonstrated in equations 5.18
to 5.20 below.

AKior = Ktot,max - Ktot,min (5.18)

AKor = (Kapp,max + Kres) - (Kapp,min + Kres) (5.19)
AKior = Kapp,max - Kapp,min = AKapp (5.20)

Equation 5.18 above was also used to calculate 4K;,: for the modified superposition
method. At values of Kiormin greater than zero, AK:: and AKqpp are equivalent to
values calculated using the superposition method. However at values of Kiotmin less
than zero 4Kt is equal to Kiot,max-

Another method [N.EQ] to calculate the stress intensity factor range was also
considered. This was based on a crack closure approach and the equations by
Newman [59] were used to calculate an effective stress intensity factor range (AKep).
A crack opening stress ratio was calculated using equations 5.21 or 5.22.

90— A+ AR+ A,R? + AR?
= A 1 2 3 forR>0 (5.21)

amax

Tov__ 4, + AR
=4, 1R forR<0 (5.22)

Jmax

where
Ay = (0.825 — 0.34a + 0.05a2)[cos(mTgy/20,)]Y%  (5.23)
A; = (0415 - 0.071@) Gpp0x /00 (5.24)

Az = 1 - AO - A1 - A3 (5.25)
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A3 = ZAO + Al - 1 (5.26)

For plane stress conditions a = 1 while for plane strain conditions a = 3. The flow
stress (0y) is defined as the average of yield stress and the ultimate tensile strength of
the material. An effective SIF range (AKep) was then calculated using equation 5.27.

AK

app

1- Gop/amaxl (5.27)

For residual stress bearing materials the stress ratio R in equations 5.21, 5.22 and
5.27 above were replaced with the effective stress ratio Ref. The effective stress
ration (Ref) was calculated using equation 5.28.

Ktot,min

totmax
Part (D) of the figures show the effect of residual stress on the nominal stress ratio (R
= 0.1). For the modified superposition approach when Kiotmin < 0 the Refr= 0. The Reg
used in the superposition and the Newman crack closure approach are equivalent.
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The effect on SIF range and stress ratio of the MIC1 residual stress field is considered
in Figure 5.25. The MIC1 residual stress field induced a fully positive Kres, as described

in section 5.7, and therefore Kiotmax Was greater than Kgpp,max as shown in figure (A).

Since Kr.s was greater than zero, the calculated Kitmin Using the superposition and
modified superposition methods were equivalent, shown in figure (B). Again because
Kres was greater than zero AKi: calculated using superposition and modified
superposition methods were equivalent as shown in figure (C). The calculated AK.y
using Newman’s equations is also shown in figure (C) and is less than AK;,: due to the
presence of crack closure. Finally the Ref was equivalent for all three methods as

shown in figure (D).
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Figure 5.25: Results for MIC1 (A) stress intensity factors, (B) Kot min for all methods,
(C) AK for all methods and (D) stress ratio for all methods
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The effect on SIF range and stress ratio of the MIC3 residual stress field is considered
in Figure 5.26. The MIC3 residual stress field induced a Kes that was positive at the
peened surface but became negative 166 um from the peened surface, as described
in section 5.7. Therefore Kotmax Was greater than Kappmax at crack tip positions less
than 166 um from the peened surface as shown in figure (A). At crack tip positions
greater than 166 um from the peened surface Kiotmax Was less than Kapp,max. However
the negative Kr.s values were not great enough to create negative Kiormin values.
Therefore K:iormin calculated using the superposition and modified superposition
methods was again equivalent as shown in figure (B) and therefore AK:: was also
equivalent for the two methods as shown in figure (C). The AKef is also shown in
figure (C) and was less than 4K Finally the Refr was equivalent for all three methods
as shown in figure (D).
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Figure 5.26: Results for MIC3 (A) stress intensity factors, (B) K:o;,min for all methods,
(C) AK for all methods and (D) stress ratio for all methods
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The effect on SIF range and stress ratio of the UPM residual stress field is considered
in Figure 5.27. The UPM residual stress field induced a Ky.s that was positive at the
peened surface and became negative 85 um from the peened surface as described in
section 5.7. Therefore Kiosmax Was greater than Kappmax at crack tips less than 85 pm
from the peened surface as observed in figure (A). Kiotmax Was less than Kapp,max for
crack tips greater than 85 um from the peened surface. In this case the negative Kres
was great enough to equate in negative K:cmin Values at crack tips greater than 100
um from the peened surface as shown in figure (B). Therefore AK:o: calculated using
modified superposition was less than AK;,: calculated using superposition at crack tip
positions greater than 100 pm from the peened surface as shown figure (C). The AKesr
was again less AK:: due to predicted crack closure using Newman’s equations. Finally
Regrwas zero for modified superposition when Kiormin Was zero as shown in figure (D).
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Figure 5.27: Results for UPM (A) stress intensity factors, (B) Kot min for all methods,
(C) AK for all methods and (D) stress ratio for all methods
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The effect on SIF range and stress ratio of the TOSH residual stress field is considered
in Figure 5.28. The TOSH residual stress field induced a negative K. at all crack
lengths calculated as described in section 5.7 and therefore Kiotmax Was less than
Kapp,max @s shown in figure (A). The negative Kres was great enough to create negative
Krotmin at all crack tip distances from the peened surface as shown in figure (B). AK¢ot
calculated using modified superposition was less than AK:: calculated using the
superposition method as observed in figure (C). The AKef is also shown in figure (C)
and was less than AK:.: due to the presence of crack closure. Finally Regrwas zero for
modified superposition since Kiotmin Was zero as shown in figure (D).

15 5
......... Kapp'min (A) 4 ceseeeees SP (B)
5;12 A ==——-- Kapp,max - | M.SP
© — - =Kres s
a. g -
=3 Ktot,max =2
= €
£6 st
& 20
Z, =
53] £1 -
g g
£0 -2
& _3 .
g
a3 - 4 . .
_6 T T T T _5 T T T T
0 01 02 03 04 05 0 01 02 03 04 O
Crack Tip Distance from Surface (mm) Crack Tip Distance from Surface (mm)
12 4
......... Sp (C) S (D)
10 | ==--- M.SP 5 |[==--- M.SP
— - =N.EQ - ’ — - -N.EQ
8 d /!
.\E / g 0
@ 4 / & /’
a6 - - » -~
= / o \
— , S
™ / s-2 -
Q / n 1
4 - /// \ / \
’,/ “ /
: 7 4 - : SP=N.EQ
24 1 i \ s/
: > \
rh.-_—.
O T T T T -6 T T T T
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Crack Tip Distance from Surface (mm) Crack Tip Distance from Surface (mm)

Figure 5.28: Results for TOSH (A) stress intensity factors, (B) Kio;,min for all methods,
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6 Effect of Residual Stress on Crack Closure

In this chapter the effect on fatigue crack closure of the LSP induced residual stress
fields is investigated. In chapter 5 crack tip stress opening values were predicted using
an elastic FE model combined with equations by Newman [59]. In this chapter an
elastic-plastic FE model is developed that allows for direct calculation of applied
stress opening values in a geometry representative of the dogbone shaped test
specimens. In section 6.1 the methodology used to model crack closure using FE
analysis is described. In section 6.2 the effect on the crack closure of the external
applied loading only is reported. Finally the effect on crack closure of LSP induced
residual stress combined with external applied loading is reported in section 6.3.

6.1 Crack Closure Finite Element Modelling Methodology

In this section modelling of PICC using the FE method is considered. FE analysis of
PICC requires generation of a mesh containing an initial crack. The mesh is cycled
between the maximum and minimum external applied stress. During the cyclic
loading the crack is advanced in some fashion leading to the formation of a plastic
wake behind the crack tip. Although conceptually simple there is however several
issues related to FE modelling of PICC. These include: element choice, mesh
refinement, material model, contact model, crack advance scheme, stabilisation of
crack opening load and crack opening criteria. These issues are summarised and
discussed in this section.

6.1.1 Element Selection

One of the first considerations of modelling of PICC is element selection. Higher order
elements are generally considered to best capture the stress and strain field near the
crack tip. However higher order elements demand greater computational effort and
require many load steps due to the non-linearity of the analysis and therefore many
early researchers used constant strain triangular elements (CST) [246-250]. With
advances in computational power quadrilateral elements are now mainly used and
good agreement has been found by many researchers [45,69,76,251,252,]. Some
have even used higher order eight node elements to better capture the stress field
around the crack tip [62,253-256]. Dougherty et al. [62] concluded the high gradient
stresses induced in 8 node elements create an inaccurate opening displacement that
may result in inaccurate opening stress levels.

When implementing plane strain conditions some additional element selection issues
need to be considered. As stated most researchers used either CST elements, 4-
noded quadrilateral elements, or higher order elements. Under in the plane-strain
stress state these elements generally do not satisfy incompressibility requirements
and are susceptible to plane-strain locking [257]. Element locking causes the stress to
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oscillate from one element to the next. To avoid this issue constant strain triangular
elements can be arranged in a union-jack configuration [257]. Alternatively simply
using a reduced integration scheme for quadrilateral or CST elements can avoid
plane-strain locking.

In the current analysis four node plane strain elements with reduced integration
(CPE4R) were used. The mesh contained a total of 37960 elements. A comparative
study between PICC in plane strain and plane stress is reported in subsequent
sections. For the plane stress study four node plane stress elements with reduced
integration (CPS4R) were used.

6.1.2 Mesh Refinement

Two types of crack tip plastic zone are generated by a propagating fatigue crack
namely the forward plastic zone and the reversed plastic zone. The forward plastic
zone is the material at the crack tip undergoing plastic yielding at the maximum
applied load. The reversed plastic zone is the material near the crack tip undergoing
compressive plastic yielding at the minimum load.

The mesh along the crack path must be sufficiently refined to capture the stress
concentration at the crack tip and must be even finer to capture the reverse plastic
zone size produced when unloading [258]. However extreme mesh refinement would
lead to a large stiffness matrix and many degrees of freedom demanding long run
times [259]. Furthermore, as the mesh size reduced the number of node release
increments to advance the crack increases and so makes crack propagation studies
more computationally intensive.

It has been found that for applied cyclic load the reversed plastic zone size is
approximately ten times smaller than the forward plastic zone size formed during the
loading [45,76]. Therefore a common parameter to determine appropriate mesh size
is the ratio between element size and forward plastic zone size. The mesh refinement
study was conducted for the external applied loading case only i.e. no residual stress
was included in the model. The 50 um notched geometry was used for the study as
this would have the smallest plastic zone size. The minimum element size used was
0.002 mm.

6.1.3 Material Model

The elastic—perfect plastic material model has been used extensively in FE analysis of
PICC. The effect of material hardening has also been considered assuming with
kinematic and isotropic hardening used. Material hardening affects the crack tip
plastic zone size and will therefore affect mesh refinement requirements.
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Antunes et al. [254,260] studied isotropic, kinematic and combination models under
plane stress conditions. Greater levels of closure were predicted using isotropic
hardening models than for kinematic hardening models and was attributed to more
significant plastic deformation for the isotropic hardening model. Predicted closure
levels were closer to experimental values when the kinematic hardening model was
used. Conversely Kamp et al. [261] reported no significant difference in predicted
crack opening for an aluminium alloy using kinematic, isotropic or elastic-perfectly
plastic models. Based on the results Kamp noted that hardening might not be the
primary factor in PICC at least for the materials studied.

To reduce computational time it was desirable to use a single load cycle between
crack advance steps. An elastic perfectly-plastic material model stabilises after one
loading cycle whereas other material models can require further load cycles. For the
current study an elastic-perfectly plastic material model was chosen and effects of
material hardening on PICC were not considered. The following material properties of
2024-T351 aluminium were used in the analysis. Yield strength, gyels = 360 MPa,
modulus of elasticity, E = 72 GPa, Poisson’s ratio, v = 0.3. No distinction between the
clad and unclad material layers was made.

6.1.4 Crack Face Contact

To improve modelling efficiency it is often possible to model only half the geometry
(or less) due to symmetry conitions. However this poses a problem since crack closure
inherently requires two faces behind the crack tip to make contact as the minimum
load is approached. Therefore some mechanism must be implemented into the FE
analysis to simulate crack face contact. This can be achieved by attaching spring
elements along the crack face, removing / imposing nodal constraints along the crack
face, or by using contact based approach.

To model the contact boundary conditions using the spring element approach, spring
elements are connected to the nodes along the crack path. At nodes where the crack
is open the spring element stiffness is set equal to zero. At nodes where crack is
closed the spring element stiffness is assigned a large value. However numerical
difficulties were encountered by some researchers using this approach and was
attributed to the large stiffness values imposed [45,262,263].

A more direct approach to simulate crack face contact has also been used [264-266].
During unloading the displacement of nodes along the crack face are monitored. If
the displacement of the node becomes negative, relative to the crack tip the node, it
is locked in position using boundary condition thus simulating contact. Conversely
during loading the force acting on the nodes along the crack face are monitored and if
it becomes positive the nodal boundary condition is released.
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The use of contact elements probably offers a more realistic idealisation of PICC
evolution however some authors have experienced convergence problems and long
execution times [76]. Contact modelling involves implementing a hard contact
boundary condition on the crack faces so as to avoid penetration.

The contact element approach was used for the current study. This was chosen as it
was readily available and implemented using Abaqus. Although it has been reported
to require more processing time than the other methods, the analysis can be run
unmonitored until completion and was deemed the most suitable when a residual
stress field is present.

The scribed test samples are symmetrical about the crack path and to increase
modelling efficiency and reduce processing time one half of the geometry was
modelled by use of symmetry boundary conditions. However for PICC to exist, two
opposing crack surfaces are required. The approach used considered two surfaces
called the slave surface and the master surface as depicted in Figure 6.1. The slave
surface consisted of the nodes of the elements along the crack face i.e. on the
modelled geometry. The master surface is an analytic surface created using 2D rigid
shell elements. The master surface represents the opposing crack face i.e. the crack
face of the geometry half that was not modelled. The master surface was non-
deformable and therefore penetration of the master surface by the slave surface is

T

Modelled Geometry

l Slave
Surface

(nodes)

not possible.

Master Surface (analytic rigid surface)

Reference Point (encastre)

Figure 6.1: Schematic of contact model used in FE analysis

6.1.5 Crack Advance Scheme

To model the build up of a plastic wake behind the crack tip, the crack must be
advanced incrementally using node release under the applied cyclic loading. There is
no consensus on the appropriate FE mechanism for crack advance and various
schemes are reported in the literature. Some authors release the node at the
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maximum applied load [77,255,264,265], some at the minimum applied load
[77,246,247,265] whilst others release nodes at some intermediate value [267,268].
Some researchers have concluded that crack advance scheme has no bearing on the
predicted crack opening value [64,265] whilst other researchers have shown
significant differences [45,77,262].

The influence of the number of cycles applied before node release has also been
investigated [70]. For a 2D plane stress analysis the influence is small while for plane
strain closure increased with increased cycles before crack advancement. The
optimum number of cycles before node release was not determined however it was
shown that after 8 cycles the change in opening stress level was minimal.

For the current research a node release scheme was implemented to advance the
crack length and crack advance occurred at the maximum applied load. When the
maximum applied load was reached, the symmetry boundary condition at the crack
tip node was removed. The symmetry condition was replaced with a contact
condition to prevent penetration of the new crack surface with the opposing crack
surface (i.e. the master surface) during unloading.

Because contact boundary conditions were implemented in the FE model and LSP
induced compressive residual stress fields may be present, crack advancement at the
maximum load when the crack was most likely to be fully open was deemed the most
suitable for the current work to avoid convergence problems. One load cycle was
implemented between crack advance steps. Only the boundary conditions of the
crack tip node were removed for each crack increment to allow the plastic wake to
develop sufficiently.

The crack advanceme distance after each cycle was therefore equal to the crack tip
element size. Modelling crack advanceme using a node release scheme bears no
resemblance to fatigue crack growth i.e. no consideration of the physics of fatigue
crack growth were made.

6.1.6 Crack Opening Assessment

Determination of precise crack opening or closing level has been debated [70,77,264].
Since the crack tip is normally the last point to open along the crack face most
researchers use the first node behind the crack tip to assess the crack opening load
[45,246-248,255,269] although others have used the second node behind the crack
tip [264,270]. Using the second node can avoid the high stress gradient which can
influence the first node during FE analysis. The crack tip itself was used to determine
the crack opening value by Wu and Ellyin [77]. They monitored the stress at the tip
node and deemed the crack open once the stress changed from compression to
tension.
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For the current research the second node behind the crack tip was chosen to
compute the crack opening stress level although the first node was also monitored
for reference. The criterion used to determine when the crack was open was to
monitor the force acting on the node as the external applied tensile load was
increased. Once the force acting on the node became zero the crack was considered
open.

To assess the exact percentage of the applied load at which the crack can be
considered fully open, the external load must incrementally applied and hence a high
computational cost results. The applied external loading was increased from the
minimum stress (20 MPa) to the maximum stress (200 MPa) in thirty increments of 6
MPa.

6.2 Plasticity Induced Crack Closure due to Applied Loading

In this section the model described in section 6.1 was used to study the plasticity
induced crack closure that developed as the FE model was cycled between the
maximum and minimum external applied stress. A fatigue crack was advanced at the
maximum applied stress level using a node release scheme. Note: The effect of an
initial residual stress field is not considered until section 6.3.

Shown in Figure 6.2 (A), (B), (C) and (D) is the crack opening displacement (COD) at
the minimum applied stress (20 MPa) at cracks of length 100, 150, 200 and 250 um
respectively. A comparison was made between the COD profiles with and without
crack face contact included in the FE model. Crack face contact clearly affected the
COD profile. The COD profiles without contact indicate the crack was fully open at all
lengths at the minimum applied stress and therefore throughout the entire applied
load cycle. In the FE model with contact the crack was closed at minimum applied
stress behind the tip of cracks of length of 100, 150 and 200 pm indicating PICC.
However the crack was open at the minimum applied stress at a crack length of 250
pum as shown in Figure 6.2 (D).

As stated in section 6.1 for the crack to be considered open the force acting on the
2" hode behind the crack tip must be zero. A crack was advanced from the root of
scribe 50 and 150 um deep using a node release scheme. The force on the 2" node
behind the crack tip was monitored as the external applied stress was increased from
the minimum (20 MPa) to the maximum (200 MPa).
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Figure 6.2: Crack opening displacement at minimum applied stress for cracks of
length (A) 100 um, (B) 150 pm, (C) 200 um and (D) 250 um

The crack closure level is plotted in Figure 6.3 as a percentage of the applied stress
range that the crack is open i.e. 100% indicates that the crack is open during the
entire applied load cycle whereas 0% indicates that the crack is closed for the entire
load cycle. Firstly consider crack advanced from the scribe root 50 um deep. Initially
the crack was fully open throughout the entire load cycle. At crack lengths greater
than 94 um the closure level began to increase and between crack lengths of 115 and
139 um the crack was open for 93% of the load cycle only. The closure level
decreased at crack lengths greater than 139 um and was open throughout the entire
load cycle at crack lengths greater than 238 um.

Now consider crack advance from the scribe 150 um deep. The level of closure
initially increased and the crack was open for only 83% of the load cycle at crack
lengths between 154 and 170 um. At crack lengths greater than 170 um the closure
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level reduced and at crack lengths greater than 195 um the closure level predicted
was equivalent to that predicted for crack advance from the scribe root 50 um deep.
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0 | | | | :
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% of Ac Crack is Open

Figure 6.3: Predicted crack closure level of crack advanced from scribe root of depth
50 and 150 pm

6.2.1 Effect on PICC of Plane Strain and Plane Stress State

A comparison of the crack closure level under plane strain and plane stress conditions
is shown in Figure 6.4. For the study a crack was advanced from a scribe of depth 50
um. The crack closure level predicted for plane strain was less than for plane stress.
This was expected as it has been well established that crack closure levels are less in
plane strain than plane stress conditions, see section 2.3. It was predicated that the
crack would remain open for 93% of the load cycle (at the peak closure level) in plane
strain conditions whereas it would be open for only 63% of the load cycle in plane
stress conditions.

The effect on the crack tip plastic zone of stress state at the maximum applied stress
(200 MPa) is shown in Figure 6.5. Plastic zones at crack lengths of 50, 150 and 300 um
are shown. The plastic zone size is defined as the length of the plastic zone measured
along the crack path. The plane stress plastic zone was approximately 9, 36 and 103
pum greater in length than the plane strain plastic zone at the tip of cracks of length
50, 150 and 300 um respectively. A large forward plastic zone will induce a greater
reversed plastic zone [271,272] hence why the crack remains closed through more of
the applied load cycle in plane stress.
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Figure 6.5: Comparison of plastic zone size for 2 mm and 5 mm thick geometries
with a 50 um crack length using plane strain and plane stress elements

6.2.2 Effect on PICC of Remaining Ligament Length

The predicted plane stress crack opening values in Figure 6.4 show a similar trend to
those published in the literature [273,274]. During the initial crack length increments
the crack closure level increased as the plastic wake built up due to cyclic plasticity. At
a crack length of 86 um the crack closure stabilized at 37% of the applied load cycle.
However a notable feature of the predicted crack closure values in the current study
are that the crack closure began to decrease at crack lengths greater than 156 um
(i.e. at a crack length of 250 um the crack was closed for only 30% of the applied load
cycle). This was most apparent for plane stress but can also be observed in Figure 6.4
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for plane strain conditions where the crack closure level decreased at crack lengths
greater than 139 um.

It was envisaged that the reduction of crack closure at the longer crack lengths was
due to the reducing ligament length (the ligament length is defined as the distance
from the crack tip to the back surface). The effect on the plane strain and plane stress
plastic zone size of remaining ligament length is shown in Figure 6.6 (A) and (B)
respectively. In this study 2 mm wide geometry was compared with 5 mm wide
geometry. The crack tip plastic zone at the maximum applied stress (200 MPa) at
cracks of length 50, 150 and 300 um is reported. The remaining ligament length was
therefore 1.95, 1.85 and 1.7 mm for 2 mm wide geometry and 4.95, 4.85 and 4.7 mm
for 5 mm wide geometry.
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Figure 6.6: Crack tip plastic zones in 2 and 5 mm thick geometries for (A) plane

strain and (B) plane stress states
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The plane strain plastic zone at the tip of a crack of length 50 um was 1 um larger in 2
mm wide geometry than 5 mm wide geometry. The effect on the crack tip plastic
zone of remaining ligament length increased at longer crack lengths. The plastic zone
was 5 and 30 um larger at the tip of cracks of length 150 and 300 pum respectively in
the 2 mm wide geometry than in 5 mm geometry. Similarly the plane stress plastic
zone was larger for the 2 mm wide geometry than the 5 mm wide geometry.

The effect on PICC of sample thickness is shown in Figure 6.7. It was found in both
stress states that the crack closure level does not reduce at longer crack lengths in the
5 mm wide geometry. This demonstrates that the closure drop off observed for the 2
mm thick geometry was as a result of the remaining ligament length. Also observed in
Figure 6.7 is that the crack closure level increased to it maximum at a shorter crack
length in the 2 mm thick geometry than in the 5 mm wide geometry. In plane stress
the maximum closure level was reached after 36 um of crack advance in the 2 mm
thick sample compared to 60 um in the 5 mm wide sample. In plane stress the
maximum was reached after 65 um of crack advance in the 2 mm thick sample
compared to 100 pum in the 5 mm wide sample. This may be caused by the larger
forward plastic zone in the thinner samples thus a larger reversed plastic zone /

plastic wake.
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Figure 6.7: Comparison of the effect on PICC of specimen thickness

6.3 Effect on Crack Closure of Residual Stress Fields

The effect on crack closure of the measured residual stress fields is reported in this
section. The FE contact model for the analysis without initial residual stress from
section 6.2 was used but this time with the inclusion of residual stress fields. The
residual stress fields were input to the FE model during the first analysis step prior to
boundary and load conditions as described in section 5.4.
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The effect on the crack opening displacement (COD) of the MIC1 residual stress field
at the minimum applied stress level (20 MPa) is shown in Figure 6.8 (a), (b), (c) and (d)
at cracks of length of 100, 150, 200 and 250 um respectively. A comparison between
the COD with and without crack face contact is shown in Figure 6.8. For the case
without contact the crack was open at all crack lengths studied. With contact the
crack was closed behind the crack tip at a crack length of 150 um as shown in Figure
6.8 (b). At the the other crack lengths studied the crack was open at the minimum
applied load.
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Figure 6.8: Effect on COD of MIC1 residual stress field at minimum applied stress at
cracks of length (A) 100 um, (B) 150 pum, (C) 200 um and (D) 250 um

The percentage of the applied stress range that the crack was open is shown in Figure
6.9 again noting that 100% indicates the crack is fully open during the entire applied
load cycle whereas 0% indicates the crack is fully closed throughout the load cycle.
The MIC1 measured residual stress field is also shown in the figure for comparison.
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Firstly considering the crack advanced from the scribe root 50 um deep, initially the
crack was fully open however at crack lengths greater than 115 um the closure level
increased and the crack was open for 97% of the load cycle only. The level of closure
decreased at crack length of 156 um and was fully open throughout the applied load
cycle at crack lengths greater than this. The crack advanced from the scribe root 150
um deep was fully open throughout the load cycle at all crack lengths studied.
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Figure 6.9: Effect on crack closure of MIC1 residual stress field

The effect on the crack opening displacement (COD) of the MIC3 residual stress field
at the minimum applied stress level is shown in Figure 6.10. The effect of crack face
contact in the FE analysis was compared at four crack lengths: 100, 150, 200 and 250
pum. At the four crack lengths studied, the crack was fully open at the minimum
applied stress with and without contact. However the COD was less with contact
included in the FE analysis than without. The percentage of the applied stress range
that the crack was open is shown in Figure 6.11. The cracks advanced from the scribe
roots 50 and 150 um deep were fully open throughout the entire load cycle i.e. no
closure existed.
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The effect on COD of the UPM residual stress field at the minimum applied stress
level is shown in Figure 6.12 (a), (b), (c) and (d) at crack lengths of 100, 150, 200 and
250 um respectively. The effect of crack face contact in the FE analysis was compared.
For the case without contact the crack faces overlap, this is most noticeable in 150,
200 and 250 um however also occurred at a crack length of 100 um. For the case with
contact the crack is closed directly behind the crack tip but open in the region near
the scribe root. The UPM residual stress field had near surface tensile residual stress
and this caused the crack to remain open near to the surface.
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Figure 6.12: Effect on COD of UPM residual stress field at minimum applied stress at
cracks of length (A) 100 um, (B) 150 pum, (C) 200 um and (D) 250 um

The COD at the applied stress to cause the crack to open behind the tip is shown in
Figure 6.13 (a), (b), (c) and (d) at crack lengths of 100, 150, 200 and 250 um
respectively. The COD profiles are for the FE model with contact only. The percentage
of the applied stress range that the crack was open is shown in Figure 6.14. The UPM
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measured residual stress field is also shown in the figure for comparison. Firstly
considering the crack advanced from the scribe root 50 um deep, initially the crack
was fully open throughout the applied load cycle due to the near surface tensile
residual stress. For crack length greater than 90 um the closure level increased due to
the compressive residual stress field. At a crack length of 162 um the crack was open
for 77% of the applied loading cycle and remained approximately at this level as the
crack was advanced. The closure level of the crack advanced from the scribe root 150
pum deep increased quickly due to the compressive residual stress field and at a crack
length of 158 um the crack was open for 73% of the load cycle. At a crack length of
176 pm the closure level decreased marginally and the closure behaviour of the
cracks advanced from the 50 um and 150 um scribe root was equivalent.
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Figure 6.13 Effect on COD of UPM residual stress field at minimum applied stress to
open crack behind tip at lengths (A) 100 um, (B) 150 um, (C) 200 um and (D) 250 um
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The effect on COD of the TOSH residual stress field at the minimum applied stress
level is shown in Figure 6.15 (a), (b), (c) and (d) at crack lengths of 100, 150, 200 and
250 um respectively. The effect of crack face contact in the FE analysis was compared.
For the case without contact the crack faces overlap. For the case with contact the
crack is fully closed behind the crack tip noting that the TOSH compressive residual

stress field extended 340 um from the surface where it then became tensile.
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Figure 6.15: Effect on COD of TOSH residual stress field at minimum applied stress
at cracks of length (A) 100 um, (B) 150 um, (C) 200 um and (D) 250 um

The at the applied stress required to first open the crack behind the tip is shown in
Figure 6.16 (a), (b), (c) and (d) at crack lengths of 100, 150, 200 and 250 pum
respectively. The COD is from the FE analysis with contact. At lengths of 100 and 150
pum the crack was fully open behind the crack tip, shown in (a) and (b). However at
lengths of 200 and 250 um the crack was open at the crack tip but closed remote
from the tip and open again near the scribe root. This remote crack closure was
caused by the profile of the compressive residual stress field as shown in Figure 6.17.
The magnitude of the residual compressive stress increased from the surface to a
maximum at 100 pm.
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Figure 6.16: Effect on COD of Tosh residual stress field at minimum applied stress to
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The percentage of the applied stress range that the crack was open is shown in Figure
6.17. A crack was advanced from the root of scribes of depth 50 um and 150 um. For
both scribes as the crack was advanced from the root the closure level initially
increased, peaked and then decreased. It can be seen in the Figure 6.17 that the
closure level followed a similar trend to that of residual stress field. However an
interesting feature is the delayed response of crack closure to the changing residual
stress field. For example the maximum compressive residual stress was located 100
pum from the surface but the closure level reached a maximum approximately 145 um
from the surface where the crack was open for only 17% of the applied load cycle.
The maximum closure level reached for the crack advanced from the scribe 150 deep
30% of the applied load cycle at a crack length of 186 um. At crack length greater
than this the closure level was equivalent for cracks advanced from both 50 and 150
pum deep scribes.
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Figure 6.17: Effect on crack closure of TOSH residual stress field

6.3.1 Crack Closure caused by Plasticity or Residual Stress

To study whether the crack closure was caused by plasticity or the residual stress
field, a crack closure analysis that used elastic material properties in the FE model
was developed. Since the material was elastic no plastic wake can build up behind the
crack tip with crack advance and therefore there is no PICC. Shown in Figure 6.18 is
the percentage of the applied stress range that the crack was open at the minimum
applied stress where (A) is a crack advanced from a scribe 50 um deep and through
the UPM residual stress field and (B) is a crack advanced through the TOSH residual
stress field. The result of analyses with elastic and elastic-plastic material properties is
compared.

Crack closure was present even in the analysis that used elastic material properties. In
this instance crack closure is solely due to the compressive residual stress field.
Considering the crack advanced through the UPM residual stress field shown in figure
(A), the crack closure level was greater when elastic-plastic material properties were
used and this was attributed to the plastic wake. At the maximum closure level the
crack was open for 77% of the load cycle in elastic-plastic material and 80% of the
load cycle in the elastic material.

The crack advanced through the TOSH residual stress field is shown in figure (B). At
crack lengths less than 238 um the closure level in elastic and in elastic-plastic
material was identical. This indicated that crack closure was solely due to the
compressive residual stress field even in the elastic-plastic material. The reason no
PICC existed was because the compressive residual stress was great enough keep the
crack closed and reduce the amount of plastically deformed material left behind the
advancing crack. At crack lengths greater than 238 um where the compressive
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residual stress was significantly less, the closure level was greater in elastic-plastic
material than in elastic material.
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Figure 6.18: Effect on crack closure of elastic and elastic-plastic material properties
in (A) UPM RS field and (B) TOSH RS field

6.3.2 Effect on Crack Closure of Tension and Bending Applied Loading

The effect on crack closure of pure bending external applied loading was considered.
In pure bending at the maximum applied load the stress on the notched / peened
surface was 200 MPa in tension and reduced linearly to 200 MPa in compression on
back surface. The stress ratio was 0.1. Shown in Figure 6.19 is the percentage of the
applied stress range that the crack was open at the minimum applied stress where (A)
was the case of external applied loading only, (B) was crack advance through the UPM
residual stress field and (C) was crack advance through the TOSH residual stress field.
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Firstly consider the case without residual stress in figure (A). The crack closure level
was slightly less under pure bending than tensile applied stress. In bending the
applied stress range experienced at the crack tip will reduce as the crack is advanced.
Therefore the forward plastic zone will be smaller in bending than tension and so the
build-up of the plastic wake behind the crack tip is less.

In contrast crack closure was greater in bending than tension applied loading when
the crack was advanced through the UPM and TOSH residual stress fields as shown in
figure (B) and (C) respectively. This is because of the lower stress intensity factor at
the crack tip induced by bend applied loading than tension. Since the stress intensity
factor is less the compressive residual stress had a greater effect on increasing crack
closure.
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7 Effect on Fatigue Life of Residual Stress Fields Induced by LSP

The effect on fatigue life of the LSP induced residual stress fields is reported in this
chapter. The stress intensity factors and stress ratios calculated using the FE method
in chapter 5 were used as input to FCGR equations. Fatigue lives were predicted for
scribed models unpeened and with MIC1, MIC3, UPM and TOSH residual stress fields.
Also the fatigue crack closure ratios predicted using an elastic plastic FE model in
chapter 6 were used to modify the Newman crack closure equations and predict
fatigue lives. Predicted fatigue lives are compared to the fatigue lives measured
experimentally from chapter 4.

In section two the methodology used in a sensitivity study on fatigue life of residual
stress is described. The sensitivity study defined characteristic features of the residual
stress fields and investigated the effect of these characteristics on predicted lives. In
section three the results of the sensitivity study are reported and recommendations
are given for the required residual stress field to restore the fatigue of scribed
samples back to that of pristine material.

7.1 Fatigue Life Predictions

In this section the fatigue lives predicted for unpeened and peened samples
containing scribes 50 um and 150 um deep are reported. In section 5.8 three
methodologies to determine the stress intensity factor range (4K) and the stress ratio (R)
were defined namely the superposition method, the modified superposition method,
and the Newman crack closure approach. The calculated AK and R values using the
three methodologies are reported here again for convenience respectively in Figure
7.1, Figure 7.2 and Figure 7.3. The fatigue lives predicted in this section were based
on these calculated 4K and R values.
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Figure 7.1: (A) Stress intensity factor range and (B) stress ratio calculated using the
superposition method
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Figure 7.2: (A) Stress intensity factor range and (B) stress ratio calculated using the
modified superposition method
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Figure 7.3: (A) stress intensity factor range and (B) stress ratio calculated using the
Newman crack closure approach

To calculate fatigue lives using the superposition and modified superposition
methods the Walker fatigue crack growth equation was used as shown below where
C and n are the Paris law material constants that define the fit and m determines the

shift between stress ratios.

da—CAKl R)™Hn (7.1
d—N—( A-RmH" (7.1)

To calculate the number of fatigue cycles for a given fatigue crack increment equation
7.1 was rearranged as shown in equation 7.2. For more detail on the walker equation
refer to section 2.1.1.

_ da
"~ C(AK(1 = R)ym—1)n

dN (7.2)

The material constants for 2024-T351 plate and sheet from the NASMAT material
database [275] were used where C = 4.8 x10™!, n = 3.2 and m = 0.6937. The 4K and R
values were taken from Figure 7.1 and Figure 7.2.

For the Newman crack closure approach FCGR data [275] for 2024-T351 in the L-T
direction at stress ratios of -2, -1, -0.5, 0, 0.5 and 0.7 was used. This data is

reproduced in Figure 7.4.
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Figure 7.4: FCGR rate curves for 2024-T351 L-T [275]

The AK values in Figure 7.4 were converted to AKeq using equation 7.3 below and a
master curve was calculated as shown in Figure 7.5.

1- O-op/o-max

AKypp  (7.3)
The relationship between FCGR and AKes was characterised using the Paris
relationship as shown in equation 7.4.

da n

N = C(AKf)  (7.4)
A power trendline was fitted to the linear portion of the data in Figure 7.5 and the
walker equation constants C and n equal to 5.49 x10™ and 3.45 were obtained. To
calculate fatigue lives equation 7.4 was rearranged to form equation 7.5 and the 4K
and R values were taken from Figure 7.3.

da

N=— (75
C(AK,ys)
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Shown in Table 7.1 are the predicted fatigue lives using the superposition method
(SP), the modified superposition method (M.SP) and the Newman crack closure
method (N.EQ). Predicted fatigue lives for samples scribed to 50 and 150 um depths
unpeened and with MIC1, MIC3, UPM and TOSH LSP treatments are shown in Table
7.1. Also shown for comparison are the experimentally measured tension-tension
fatigue lives from section 4.3.

Table 7.1: Predicted fatigue lives based on 2024-T351 L-T FCGR data

Lsp Depth of Fatigue Life (cycles)

Scribe (um)  Measured SP M.SP N.EQ
None 50 69868 54384 54384 70507
150 19728 14659 14659 17369
MicL 50 67868 49207 49207 61834
150 24410 14309 14309 16485
MIC3 50 107106 45289 45289 56364
150 35612 15198 15198 19069
UPM 50 220590* 55031 68084 93772
150 69662 21398 31515 42178

50 316012* 226912  6.6x10°  10x10°

TOSH . .
150 297623* 66164 1.9 x10 5.4 x10

* Note fracture of fatigue sample was remote from scribe
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The AK:,: calculated using superposition method is not affected by K. i.e. negative
Kiocmin values are used to calculate AK:: and crack face contact is not considered.
Therefore the effect on predicted fatigue lives of residual stress is a function of Reg
only. Predicted fatigue lives based on the superposition method were highly
conservative when the compressive residual stress field was great enough to create
negative Krormin Values. For example the predicted lives for UPM and TOSH LSP were
on average 3.6x and 2.9x less than the measured lives respectively. For tensile
residual stress fields the superposition method is suitable since crack face contact
should be less. The predicted fatigue lives for the unpeened, MIC1 and MIC3 were
1.3%, 1.5x and 2.3x less than the measured fatigue lives.

Now consider the modified superposition method which does consider crack face
contact. For the cases where Kiotmin Was positive (i.e. unpeened, MIC1 and MIC3) the
predicted fatigue lives using the superposition and modified superposition methods
were equivalent since there is no contact. Predicted fatigue lives for the UPM residual
stress field were again conservative and on average 2.7x less than the measured lives.
Predicted fatigue lives for the TOSH residual stress field were non-conservative and
were at least 6x greater than the measured fatigue lives. However note that the TOSH
peened fatigue samples did not fracture at the scribes and therefore the developed
prediction model is not capable of predicting these lives. This topic is discussed
further in the discussion chapter.

Of the three methods studied the predicted fatigue lives using the Newman crack
closure approach were most similar to the fatigue lives measured experimentally. The
unpeened fatigue lives were 1.1x less than measured fatigue lives. The predicted
MIC1, MIC3 and UPM fatigue lives were on average 1.3x, 1.9x and 2.0x less than the
measured fatigue lives respectively. The predicted TOSH fatigue lives were non-
conservative however again note that the experimental fatigue samples did not
fracture at the scribes.

Based on values of 4K and R using the modified superposition method FCGRs from
scribe roots 50 um and 150 um deep were predicted and are shown in Figure 7.6 (A)
and (B) respectively. The predicted FCGRs through MIC1 and MIC3 residual stress field
are almost equivlenet to the FCGRs for the unpeened case and note that the
predicted fatigue lives were all within a factor of 1.2. The predicted FCGR through the
UPM residual stress field was greater than in the unpeened case up to a crack length
of approximately 100 um due to the tensile residual stress near the peened surface.
As the crack was advance through the compressive residual stress field the predicted
FCGRs reduced and were less than unpeened.
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The FCGR of the crack at the root of the scribe 50 um deep increased for the first 5
pum of crack advance through the TOSH residual stress field. The FCGR then reduced
for the next 70 um of crack advance as the residual stress field became more
compressive at this depth. As the residual stress field became less compressive the
FCGR increased i.e. at depths greater than 125 um from the surface.
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Figure 7.6: Predicted FCGRs from scribes of depth (A) 50 um and (B) 150 um using
the modified superposition approach

7.1.1 Effect on Predicted Fatigue Life of LSP induced Samples Distortion

It was shown in section 4.1 that due to distortion induced by LSP the stresses
imposed on the test samples were not uniaxial tension but were combined tension
with out of plane bending. Surface stresses on the peened and unpeened face of the
UPM treated samples were 158 MPa and 242 MPa respectively at the maximum
applied loading and —6 MPa and 46 MPa at the minimum applied loading. An FE
analysis was performed where the measured stresses were used in place of the
nominal applied stresses. Values of AK and R were calculated using the superposition,
modified superposition and Newman crack closure methods. Shown in Figure 7.7 (A)
and (B) are the AK and R values calculated using modified superposition. Also shown
for comparison are the AK and R values calculated for the unpeened case and for
UPM with nominal applied stress.

The UPM with measured applied stress resulted in AK values on average 1.3x less
than UPM with nominal applied stress as shown in Figure 7.7 (A). Since the minimum
applied stress on the peened face was negative the R ratio was negative (0 for
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modified superposition as shown in Figure 7.7 (B)). Fatigue lives for UPM with
measured applied stress were calculated and are shown in Table 7.1.
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Figure 7.7: Comparison of (A) AK and (B) R using the modified superposition
method for UPM residual stress field with nominal and measured Ao

Table 7.2: Predicted fatigue lives based on 2024-T351 L-T FCGR data

Lsp Depth of Fatigue Life (cycles)
Scribe (um)  Measured SP M.SP N.EQ
uPMm 50 220590* 55031 68084 93772
(AGnominal) 150 69662 21398 31515 42178
UPM 50 220590* 84075 149367 199086
(AGmeasured) 150 69662 31515 78499 100739

* Fracture of fatigue sample remote from scribe
Predicted fatigue lives based on the measured applied stress range were greater than
predicted fatigue lives based on the nominal applied stress range due to the lower AK
and R values. Again fatigue lives predicted using the superposition method was
conservative, on average of 2.4x less than the measured fatigue lives. Fatigue lives for
scribes 50 um deep using the M.SP and N.EQ methods were 1.5x and 1.1x less than
the measured lives respectively. However predicted fatigue lives for scribes 150 um
deep using the M.SP and N.EQ methods were non-conservative, 1.1x and 1.4x greater

than the measured lives respectively.
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Surface strain was not measured on MIC1 and MIC3 treated samples. Surface strain
data was available for the TOSH treated samples however since the fatigue samples
did not fracture at the scribes, a modified fatigue life analysis was deemed
unnecessary.

7.1.2 Prediction of Fatigue Life based results of FE Crack Closure Model

In this section fatigue lives of scribed samples were predicted based on results of the
PICC analysis in chapter 6. Shown in Figure 7.8 is the ratio of the opening stress at the
crack tip to the maximum applied stress predicted using the Newman equation and
FE PICC model. It was predicted using the Newman equation that the crack would
open at the tip at 0.25 of the maximum applied stress. This did not vary with crack
avdvance since the Newman equation is a function of R ratio, maximum applied
stress and flow stress only. Using the FE method it was predicted that the opening
stress of a crack advanced from a scribe 50 um deep peaked at 0.16 of the maximum
applied stress. For a crack advanced from a scribe 150 um deep the opening stress
reached the same level predicted using the Newman equation however it decreased
with continued crack advance.

1
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Figure 7.8: Sop/Smax predicted using the Newman equation and FE PICC analysis

The effect on opening stress of the MIC1 and MIC3 residual stress fields is considered
in Figure 7.9 (A) and (B) respectively. Using the Newman equation the opening stress
ratio was predicted between 0.23 and 0.35 of the maximum applied stress. In this
case the opening stress ratio did change with crack length since the R ratio changed
as the crack advanced through the residual stress field, as shown in Figure 7.3 (B). The
opening stress ratio predicted using the FE PICC model was 0.1 of the maximum
applied stress noting that the applied stress ratio R was also .1. Considering the MIC
induced residual stress fields were mostly in tension this prediction is expected.
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Figure 7.9: Crack tip Sop/Smax in residual stress field (A) MIC1, (B) MIC3, (C) UPM and

(D) TOSH

The crack tip stress opening ratio in the UPM induced residual stress field is shown in

Figure 7.9 (C). The opening ratio predicted using the Newman equation was initially

0.32 but decreased with crack advance to 0.2 and foloows the trend of Res (Figure 7.3

(B)). In contrast the opening stress ratio predicted using FE PICC was initially 0.1 and

increased with crack advance to 0.31. Considering the residual stress field induced via

the UPM peening was in tension near the peened surface crack closure would not be
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expected in the early stages of crack growth. As the crack advanced into the
compressive residual stress region the closure level would be expected to increase.
The Newman equation failed to predict the expected behaviour since it is a function
of stress ratio only.

The stress opening ratio in the TOSH induced residual stress field is shown in Figure
7.9 (D). The opening stress ratio predicted using the FE PICC model increased during
early crack advance and peaked at 0.85 before decreasing. The trend followed that of
the TOSH residual stress field. In contrast the opening stress ration predicted using
the Newman equation was between 0.13 and 0.21.

To calculate fatigue lives the Sop/Smax values were related to AKe using equation 7.6
below.

AKeff = [Kapp,max + Kres] Uop/amax (7.6)

The relationship between FCGR and AKef was characterised using a rearrangment
Paris relationship as shown in equation 7.5. The material constants used were the
same as in previous sections. The predicted fatigue lives are given in Table 7.3 below
with experimental measured lives and those predicted using the Neman equation
also provided for reference. Good correlation between predicted and experimental
fatigue lives in the unpeened condition was obtained.

The effect of MIC peening on fatigue life was underestimated by the FE PICC model.
In fact the fatigue lives predicted were less than those predicted for the unpeened
condition. This reduction in predicted fatigue life is caused by the measured MIC
induced residual stress field being mostly in tension. The mechanism how the MIC
treatment actually resulted in increased fatigue performance of the scribed material
is discussed further in the chapter 8.

The fatigue lives predicted using the FE PICC model for the UPM treatment were less
than experimental lives by up to a factor of 1.5 in the case of crack growth from the
50 um deep scribe. The fatigue lives were howveer closer to the experiemental lives
than those predicted using the Newman equation.

Predicted fatigue life of a crack advanced through the TOSH residual stress was
greater than the experimental lives. The FE PICC model effectively predicted a fatigue
run out. As mentioned previously interrupted fatigue tests indicated that although a
crack initiated at the root of the scribe it arrested due to the compressive residual
stress field. In this instance the samples failed due crack initiation remote from the
scribe caused by distortion induced bending loads. The FE model therefore correctly
predicted the behaviour of the fatigue crack that initiated at the scribe.
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Table 7.3: Predicted fatigue life using Newman equation and FE based crack closure
prediction methodologies

LSP Depth of Fatigue Life (cycles)
Scribe (um)  Measured N.EQ FE Model
50 69868 70507 61560
None
150 19728 17369 19579
50 67868 61834 48512
MIC1
150 24410 16485 15009
50 107106 56364 39428
MIC3
150 35612 19069 18525
50 220590%* 93772 143842
UPM
150 69662 42178 67177
50 316012* 1 x10’ 1 x10°
TOSH ; ,
150 297623* 5.4 x10 3.1 x10

* Note fracture of fatigue sample was remote from scribe

7.2 Methodology used for Residual Stress Field Sensitivity Study

A residual stress field sensitivity studied was performed to study the effect of residual
stress on fatigue life. The elastic finite element model described in section 4.7 was
used for this study. Stress intensity factors were calculated using VCCT and the effect
of crack closure was considered using the Newman equations. Four characteristic
features of the residual stress field were considered in the study. These were the
compressive residual stress field depth, the maximum compressive residual stress
and the position of the maximum compressive residual stress relative to the surface.
These are illustrated in Figure 7.10. The final characteristic considered was the effect
of the residual stress field near the surface. The methodology used to study each
characteristic is described in sections 7.2.1 to 7.2.4 and the results of the study are
presented in section 7.3.
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Figure 7.10: Characteristics studied in residual stress field sensitivity study

7.2.1 Depth of Compressive Residual Stress Field

The effect on fatigue life of the depth of the compressive residual stress field was
studied by modelling a -100 MPa compressive stress field that extended from the
peened surface through the thickness. The distance from the surface that the residual
stress field extended was increased in increments and fatigue life was predicted at
each increment. As an example two residual stress fields studied are illustrated in
Figure 7.11 noting that outside the compressive field the residual stress was 0 MPa
until 1 mm from the surface. The remaining depth (i.e. between 1-2 mm) was used
for residual stress field balancing. Ten residual stress fields were analysed and are

detailed in Table 7.4.
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Figure 7.11: Two residual stress fields used to study effect on fatigue life of depth of
compressive residual stress field

Table 7.4: Residual stress fields used to study the effect on fatigue life of
compressive residual stress field depth

Analysis  Analysis Field  Analysis Field Max. Balancing Min. Balancing

No. Stress (MPa) Depth (mm) Stress (MPa) Stress (MPa)
1 -100 0.050 49 -39
2 -100 0.100 97 -77
3 -100 0.125 120 -95
4 -100 0.150 143 -113
5 -100 0.175 166 -131
6 -100 0.200 188 -148
7 -100 0.250 231 -181
8 -100 0.500 425 -325
9 -100 0.750 581 -431
10 -100 1.000 702 -502

7.2.2 Maximum Compressive Residual Stress

The effect of the maximum compressive residual stress was studied by modelling a
constant magnitude residual stress field from the peened surface until 1 mm from the
surface. The magnitude of the residual stress field was decreased in increments from
100 MPa in tension until -150 MPa in compression. Fatigue life was predicted at each
increment. For example two of the residual stress fields studied are presented in
Figure 7.12 noting that the depth from 1 to 2 mm was used for residual stress field
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balancing. Eight residual stress fields were analysed and these are detailed in Table
7.5.
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Figure 7.12: Two of the residual stress fields used to study the effect on fatigue life
of the maximum compressive residual stress

Table 7.5: Residual stress fields used to study the effect on fatigue life of the
maximum compressive residual stress

Analysis  Analysis Field  Analysis Field Max. Balancing Min. Balancing

No. Stress (MPa) Depth (mm) Stress (MPa) Stress (MPa)
1 +100 1.0 -702 502

2 0 1.0 0 0

3 -50 1.0 351 -251

4 -100 1.0 702 -502

5 -110 1.0 772 -552

6 -120 1.0 842 -602

7 -140 1.0 982 -702

8 -150 1.0 1052 -752

7.2.3 Position of the Maximum Compressive Residual Stress

The effect on fatigue life of distance from the peened surface of the maximum
compressive residual stress was studied by considering a compressive residual stress
field of magnitude of -100 MPa and width 100 um. The distance from the surface of
the stress field was increased in increments and fatigue life was calculated at each
increment. Two of the residual stress fields considered in the study are shown in

157



Figure 7.13. Outside the compressive stress field the residual stress was 0 MPa to a
distance 1 mm from the surface. The remaining depth (1 to 2mm) was used for
residual stress field balancing. Ten residual stress fields were analysed and these are
detailed in Table 7.6.
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Figure 7.13: Two residual stress fields used to study the effect on fatigue life of the
position of the maximum compressive residual stress

Table 7.6: Residual stress fields used to study the effect on fatigue life of the
position of the maximum compressive residual stress

Analysis Analysis Field Anc;\r;:i":F‘i):ld Max. Balancing Min. Balancing
No. Stress (MPa) (mm) Stress (MPa) Stress (MPa)
1 -100 0.050 97 -77
2 -100 0.075 96 -76
3 -100 0.100 94 -74
4 -100 0.125 93 -73
5 -100 0.150 91 -71
6 -100 0.175 90 -70
7 -100 0.200 88 -68
8 -100 0.250 85 -65
9 -100 0.300 82 -62
10 -100 0.500 70 -50
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7.2.4 Near Surface Residual Stress Field

The effect on fatigue life of near surface residual stress was studied by considering a
compressive residual stress field of magnitude -100 MPa that extended 1 mm from
the peened surface. The distance from the surface of the beginning of the
compressive residual stress field was increased in increments and fatigue life was
calculated at each increment. Shown in Figure 7.14 are two of the residual stress
fields used in the study. The depth between 1 to 2 mm was used for residual stress
field balancing. A total of twelve residual stress fields were analysed and these are
detailed in Table 7.7.
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Figure 7.14: Two residual stress fields used to study the effect on fatigue life of near
surface residual stress
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Table 7.7: Residual stress fields used to study the effect on fatigue life of near
surface residual stress

Analysis  Analysis Field ;ef\:‘nar;;:i Max. Balancing  Min. Balancing
No. Stress (MPa) Field (mm) Stress (MPa) Stress (MPa)
1 -100 0.000 702 -502
2 -100 0.005 695 -496
3 -100 0.010 690 -492
4 -100 0.015 685 -488
5 -100 0.020 680 -484
6 -100 0.040 661 -469
7 -100 0.080 622 -438
8 -100 0.130 575 -401
9 -100 0.150 557 -387
10 -100 0.170 539 -373
11 -100 0.220 495 -339
12 -100 0.300 427 -287

7.3 Sensitivity study of the effect on Fatigue Life of RS fields

The residual stress field sensitivity study considered the effect on fatigue life of four
characteristics of residual stress fields. These were the compressive residual stress
field depth, the maximum compressive residual stress, the position of the maximum
compressive residual stress relative to the surface and near surface residual stress
field. The analyses were performed using the FE modelled geometry with a scribe 150
pum deep. The results of the studies are detailed in sections 7.3.1 to 7.3.4 and the
findings are summarised in section 7.3.5.

7.3.1 Depth of Compressive Stress Field

The results from the sensitivity study on the effect on fatigue life of the depth of the
compressive residual stress field are presented in Figure 7.15. It was found that as the
distance from the surface of the compressive residual stress field was increased that
the predicted fatigue life also increased until a depth of 250 um. Compressive residual
stress further than 250 um from the surface had little effect on the predicted fatigue
life.
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Figure 7.15: Effect on fatigue life of the depth of the compressive residual stress
field

7.3.2 Maximum Compressive Residual Stress

The results of the sensitivity study on the maximum compressive residual stress are
shown in Figure 7.16. Predicted fatigue life is plotted against the maximum of the
compressive residual stress. It was found that compressive residual stress less than -
100 MPa had little effect predicted fatigue life. The predicted fatigue life increased
exponentially as the maximum compressive residual stress was increased greater
than -120 MPa.
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Figure 7.16: Effect on fatigue life of the maximum compressive residual stress

161



7.3.3 Position of Maximum Compressive Residual Stress

The results from the sensitivity study on the position of the maximum compressive
residual stress are presented in Figure 7.17. Predicted fatigue life is plotted against
the distance from the peened surface of the maximum compressive residual stress.
The predicted fatigue life peaked when the maximum compressive residual stress was
125 pum from the peened surface. When the maximum compressive residual stress
was located closer or further than 125 um from the peened surface the predicted
fatigue life decreased.
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Figure 7.17: Effect on fatigue life of the distance from the peened surface of the
maximum compressive residual stress

7.3.4 Near Surface Compressive Residual Stress Field

The results of the sensitivity study on the effect of the near surface compressive
residual stress field are presented in Figure 7.18. The predicted fatigue lives are
plotted against the distance from the surface of the beginning of the compressive
residual stress field. It was found that as the distance from the surface of the start of
the compressive residual stress field increased the predicted fatigue life decreased.
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Figure 7.18: Effect on fatigue life of near surface compressive residual stress

7.3.5 Summary of Residual Stress Field Sensitivity Study

The residual stress field sensitivity study considered the effect on fatigue life of four
characteristics of the residual stress field. The analyses were performed using a FE
model with a scribe of depth 150 um. The sensitivity study demonstrated that
compressive residual stress greater than 250 um from the peened surface had
minimal effect on the fatigue life enhancement. The study indicated that compressive
residual stress of magnitude less than 120 MPa has minimal beneficial effect on the
fatigue life. The optimum position for the maximum compressive residual stress for
fatigue life enhancement was 125 um from the peened surface. Finally compressive
residual stress behind the notch root / crack tip has a significant effect on fatigue life
and the LSP induced residual stress field near the surface should therefore be in
compression with the balancing tensile field located ahead of the crack.

The residual stress sensitivity study was performed after MIC and UPM LSP treatment
of fatigue test samples. However the results of the sensitivity study were in fact
during development by Toshiba of their LSP treatment.
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8 Discussion

The discussion section contains five subsections. The first section discusses the
assumputions used for FE modelling, the fatigue life prediction methodology as well
as some other interesting topics that arose during numerical modelling. The second
section discusses and compares the predicted and experimental fatigue lives. The
third section discusses the optimum residual stress field predicted to restore the
fatigue life of the scribe damage material to that of the baseline pristine material. The
fourth section dicusses in more detail the experimental results and in the final section
scribe / notch effects are reviewed.

8.1 FE Modelling and Fatigue Life Prediction Methodology

8.1.1 Modelling assumptions

The FE models are described in sections 5 through 7. The first model used elastic
material properties. The mechanisms of fatigue crack growth were not simulated
directly instead a crack was advanced from the root of the scribe using a node release
scheme. The primary objective of the FE model was to determine at different crack
lengths the residual SIF. By inputting different residual stress fields into the model the
effect on the residual SIF and ultimately fatigue life could be assessed and an
optimum residual stress field determined.

It was concluded by Jones and Dunn [88] that crack growth rate through residual
stress fields may be predicted provided the residual stress field is accurately known.
The experimental residual stress field data input to the FE models was measured on
flat planar specimens that did not contain scribes. The Abaqus command ‘unbalanced
stress’ was used to redistribute the residual stress field around the scribe. How the
actual stress field and modelled stress field around the root of scribe compared is
unknown. Differences would be a source of error in the prediction of fatigue lives. No
method for measurement of residual stress around the root of the scribe was
available however future advances in residual stress measurement could make this
possible. Another difference between the experimental and modelled residual stress
fields was that laser peening was localised to within 2.5 — 15 mm of the scribe line
depending on the treatment applied. Therefore the induced compressive residual
stress field would be localised to peened / scribed region only. However in the FE
analysis the residual stress field extended the full length of the model. It was not
envisaged that the width of the peened region would affect the residual stress field
and an analysis where the length of the model was varied supported this assumption.

A separate model was developed to investigate the effect on crack closure of
plasticity and initial residual stress. To model PICC accurate prediction of the reversed
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plastic zone is critical since this develops the plastic wake. As the reversed plastic
zone is usually around ten times smaller than the plastic zone and at least four
elements are desirable within it, prediction of the reversed plastic zone requires an
extremely fine mesh. When modelling crack advance is also required, not only a fine
mesh at the initial crack tip is needed but also along the entire crack path. In short FE
modelling of PICC is computationally demanding and there are numerous modelling
options in addition to mesh refinement that need to be considered such as element
type, material model, contact model, crack advance scheme, stabilisation of crack
opening load and crack opening assessment criteria. An overview of the modelling
options, the option chosen and the reasoning why an option was chosen was detailed
in section 6.1. However there is still no general consensus in literature on best
practice for modelling of crack closure. La Rue & Daniewicz [79] stated crack growth
simulations utilizing plasticity-induced crack closure concepts are highly sensitive to
the crack growth rate relationship da/dN = g(4Keff) used. As with any numerical
modelling method the best option is to validate results against experimental
measurements. However experimental measurement of the crack closure and FCGR
was not possible in the current research due to the geometry of the test specimens.

The percentage of the applied load cycle that the crack open (40gopen) for a crack
advanced from a scribe 50 um deep under plane stress and plane strain conditions
was presented in Figure 6.4. These results are compared in Figure 8.1 to numerical
predictions using the Newman equations as described in section 7.1. In the Newman
equations plane strain and plane stress is characterised by changing the a parameter
from 1 to 3 respectively. Adqopen for plane strain was less than for plane stress using
both FE analysis and the Newman equation. This was expected as it has been well
established that crack closure is less in plane strain than plane stress conditions as
described in depth in section 2.3.2. Firstly considering plane strain, Adqopen predicted
using the Newman equation was greater than predicted using FE analysis. Using the
Newman equation it was predicted that the crack remained open for 83% of the load
cycle whereas using FE analysis it was predicated that the crack would remain open
for 93% of the load cycle (at the peak closure level). In contrast for plane stress
conditions predicted Aodgopen Using the two methods was similar with the crack
predicted to be open for about 63% of the load cycle.
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Figure 8.1: Crack closure level for plane strain and plane stress predicted using the
FE method and Newman equation

The predicted plane stress crack opening values in Figure 8.1 show a similar trend to
those contained in the literature review in that during early crack growth the crack
closure level increased as the plastic wake built up due to cyclic plasticity. At a crack
length of 86 um the crack opening stabilized at 63% of the applied load cycle.
However a notable feature of the crack opening values in the current study are that
the crack opening began to increase at crack lengths greater than 156 um (at a crack
length of 250 um the crack was open for 70% of the load cycle). This was most
apparent for plane stress but was also observed for plane strain conditions where the
crack opening level began to increase at crack lengths greater than 139 um.

The reduction of crack closure at longer crack lengths may be due to limited
remaining ligament length where remaining ligament length is defined as the distance
from the crack tip to the back surface. Indeed decaying levels of crack opening value
were reported [76] as a crack approached the other end of a specimen and the
remaining ligament became small. McClung [263] also reported similar behaviour as
the remaining ligament length reduced and in fact reduced to such an extent that
little closure remained. The effect on plastic zone size of remaining ligament length is
shown in Figure 8.2 where a 2 mm wide geometry is compared with geometry 5 mm
wide. The crack tip plastic zone at the maximum applied stress for cracks of length 50,
150 and 300 um is reported. Therefore remaining ligament length was 1.95, 1.85 and
1.7 mm for 2 mm wide geometry and 4.95, 4.85 and 4.7 mm for 5 mm wide
geometry.

The plastic zone at the tip of a crack of length 50 um was 1 um larger for 2 mm wide
geometry than 5 mm wide geometry. The effect on the crack tip plastic zone of
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remaining ligament length increased at longer crack lengths. The plastic zone was 5
and 30 um larger for 2 mm wide geometry than 5 mm at the tip of cracks of length
150 and 300 um respectively.
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Figure 8.2: Comparison of crack tip plastic zones for 2 and 5 mm wide geometries

8.1.2 Fatigue life prediction methodology

As mentioned in section 2.1 total fatigue life can generally be subdivided into an
initiation stage, a crack growth stage and final fracture. A major assumption of the life
prediction methodology used was that there was no initiation stage, only crack
growth and fracture. In unnotched samples or at stress amplitudes just above the
endurance limit crack initiation can account for the majority of total fatigue life
however at greater stress amplitudes cracks can initiate early and crack growth will
be the substantial part of total fatigue life [276]. Interrupted fatigue tests, described
in section 4.6, indicated that fatigue crack initiation occurred at the root of the scribe
very early in the fatigue life. This short initiation period is attributed to the large K;
associated with the scribes. Therefore based on the experimental results the
modelling assumption would seem valid. Another assumption was the application of
long FCGR data to a short crack. This has been discussed in more detail in section
8.1.4.

The FE element model was a 2D representation of the geometry. It was evident on
the fracture surface of samples that the crack growth from the root of scribes near
the sample edge was influenced by edge effects and possibly a change in stress state,
refer to section 4.5. However theses affected were minimised by removal of the
scribe near the edges through polishing. However other 3D crack affects were
observed on the fracture. The fatigue cracks initiated at multiple sites along the root
of the scribe and eventually coalesced with crack growth. This was particularly
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noticeable on the interrupted fatigue specimens described in section 4.6. This was
not considered in the model but would certainly have had an influence on crack
growth for instance semi-circular and elliptical cracks have different beta values than
an edge crack. Another assumption of the prediction model was that the fatigue crack
propagated with every load cycle. In situ SEM observations by Zhang et al. [60] found
that small fatigue crack growth in a discontinuous process and that fatigue crack
growth may not happen every load cycle. However the interrupted fatigue test results
did not indicate discontinuous growth behaviour, this will become more evident
when it the FCGR rates derived from the interrupted test measurements are
compared with long crack data in section 8.1.4.

8.1.3 When fatigue cracks at the scribe root behave like surface cracks of
equivalent length

In section 5.3 an analysis was performed to determine the portion of fatigue crack
growth influenced by the scribe geometry. The modelling results implied that close to
the root of the scribes the SIF was less than that of a crack of equivalent length
advanced from the sample surface. This was due to the scribe geometry altering the
surrounding stress field. It was found that when the crack was advanced
approximately 7 um from the root of a scribe 50 um deep and 15 pum from the root of
a scribe 150 um deep the SIF was equivalent to that of a surface crack of equivalent
length i.e. 57 um and 165 um respectively.

These lengths represent the extent of crack growth affected by the local scribe root
stress field. Cracks of length greater than this will be unaffected by the scribes and
will propagate at the same FCGR as a crack initiated from the surface. Indeed the
crack growth rates estimated from measurement of striation spacings on the sample
fracture surfaces indicated the equivalent FCGR for cracks propagating from the two
scribe geometries as shown in Figure 8.3 below (noting striations were not visible in
the region close to the root of the scribes).
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Figure 8.3: FCGR estimated from measurement of striation spacings on fracture
surfaces of samples tested in tension-tension

These results are considered together with the interrupted test measurements for
the 150 um deep scribed samples in Figure 8.4 (no measurements were possible for
the scribe 50 um deep). The comparison shows that 8% of the total fatigue life was
spent propagating the crack to 15 um i.e. to the limit of notch affected zone. The first
interrupted test measurement for the TOSH peened samples was made after 3.4% of
the fatigue life had passed and the crack length had reached 18.7 um. This indicated
that after TOSH peening the crack spent less than 3% of the total fatigue life within
the notch affected zone. However the LSP samples were distorted which caused an
imbalance to the applied loading induced stress and this could have altered the size

of the notch affected zone.
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Figure 8.4: Percentage of total fatigue life that crack propagating from root of 150
um deep scribe is within the notch affected zone

8.1.4 Applying long FCGR data to a short crack problem

The fatigue cracks that propagated from the root of the scribes were short, less than
300 um at fracture, and propagated in the L-S orientation. Only limited fatigue crack
growth rate data in this direction calculated using striation spacing measurements
was available at the time of the fatigue life prediction analysis. Therefore fatigue life
predictions reported section 7 used Al2024-T351 long crack from the NASMAT
material database [275].

Many studies [277,278,279,280] have reported that at equivalent values of stress
intensity factor range (4K) short fatigue cracks propagate at faster rates than long
cracks. The differences are usually greatest at small AK values and for negative R
ratios. Also short cracks often appear not to have a threshold stress intensity value
(AK:n) and will grow at values below long crack threshold [279,281,282]. The absence
of crack closure for short cracks is often cited as having the greatest influence on the
difference with long crack behaviour. Indeed FE analysis in section 6 did not predict
significant levels PICC for the cracks advanced from the root of the scribes. However
some authors [283,283] have attributed the difference between long and short crack
growth behaviour in the 4K region to load-history effects from residual-plastic
deformations caused by the AK decreasing test procedure.

FCGR data gathered in the current work is compared with with long crack data from
the NASMAT material database [275] and short crack data of Halliday et al. [284] in
Figure 8.5. The data gathered in the current work was a combination of FCGR data
estimated from measurements made on fracture surfaces of striation spacings (data
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points between 4K values of 7 and 13 MPa.m”) and from direct measurement of
crack length using interrupted fatigue test (data points less than 4K of 7 MPa.m”).
The crack growth orientation was on the L-S plane. The NASMAT [275] long crack data
is for Al2024-T351 material gathered in the L-T direction at an R = 0.1. Halliday’s FCGR
data was for Al 2024-T351 for cracks that propagated in the L-S direction near the
surface and in the L-T direction at peak depth. The samples were tested in four point

bend at an R ratio between 0.025 and 0.05.

There was a clear difference between the Halliday [284] short crack threshold
behaviour and the NASMAT [275] long crack threshold behaviour shown in Figure 8.5.
The long crack had a 4K of approximately 3 MPa.m” whereas for the short crack the
threshold was not so clearly identifiable. There was also considerable scatter in the
short crack data near the threshold region. This is normally attributed to
microstructural effects such as inclusions and grain orientations [279,285]. At
increased crack length and 4K short crack scatter reduced and the data merged with
the long crack growth data. The short FCG data gathered using interrupted fatigue
tests implied the crack was propagating at a faster rate than the short FCG data
gathered by Halliday [284]. However since the R ratio used in the current work (0.1)
was greater than that used by Halliday (between 0.025 and 0.05) the faster growth
rate would be expected. The short crack propagated at a faster rate than the long
crack for AK between 4.5 and 5.6 MPa.m”. The short crack growth behaviour from
the root of the scribes was equivalent to long crack growth data for AK values greater
than 7.8 MPa.m”. As stated short crack behaviour is most pronounced at small AK
values so the merging of short and long crack growth at larger AK values here is
consistent with previous work. However the change of slope of long crack data (i.e.
growth rate) appears to occur at a greater 4K (= 7 MPa.m”) than the short crack data
(=~ 6 MPa.m”) although only limited data points were gathered in the transition
region.
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Figure 8.5: Comparison of long and short 2024-T351 FCGR data

8.1.5 The effect of plasticity and residual stress on crack closure and AKeg
Plasticity induced crack closure is caused by a reversed plastic wake left behind a
fatigue crack propagating under cyclic loading. Hill and Kim [286] noted that residual
stress fields affected fatigue crack growth in two distinct ways. Firstly combined with
the external applied load it alters the SIF at the crack tip and secondly it changes the
crack closure behaviour. Compressive residual stress can act as an additional
mechanism to that forces the crack closed. Also the initial strain field that creates the
residual stress field alters the shape of the crack faces and this can affect crack
closure. The effect on crack closure of residual stress is purely elastic as will be
explored further later.

Compared in Figure 8.6 is the COD at the crack tip opening stress level predicted
using FE analysis where (A) is the case of external applied loading only and (B) is the
case of applied loading combined with the TOSH residual stress field. The external
applied loading case demonstrated typical crack opening behaviour. The crack first
opened at the crack mouth and as the applied load was increased the crack
‘unzipped’ towards the crack tip. At K, the crack opened at the tip and this is the
shown in Figure 8.6 (A). For a component containing a residual stress field, crack face
contact is influenced by the residual strain field in the material. The residual strain
field can deform the crack faces and cause the crack to open first at a location
between the crack mouth and the crack tip. This behaviour has been described by
Beghini & Bertini [80] whom refer to it as partial crack opening. Indeed this behaviour
was predicted for a crack advanced through the TOSH residual stress field as shown in
Figure 8.6 (B). In this case as the applied load was increased the crack first opened at
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a point between the crack mouth and the crack tip. As the load was increased further
the crack unzipped towards the crack mouth and tip and eventually it opened at the
tip as shown in Figure 8.6 (B). However at this point it still had not fully opened at the
mouth. As the applied load was increased even further the crack eventually fully
opened.
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Figure 8.6: COD at K, for (A) applied loading only and (B) applied loading combined
with TOSH residual stress field

Jones & Dunn [88] emphasied the effect, if any, of partial crack closure must be taken
into account in the FCGR prediction process. For the applied loading only case, Ko
was simply the SIF when the crack opened at the crack tip. Therefore SIF range (4K)
was simply Kmax - Kop. For the case including a residual stress field three options are
available for definition of AK. Considering the crack opening behaviour in TOSH
residual stress field described above, Ky, could be defined in three ways. Ky, could be
the SIF when the crack first opens, it could be defined as the SIF when the crack
opens at the crack tip or it could be defined as the SIF when the crack is fully open. In
the current work the second option was chosen as it was assumed that it is only the
SIF range experienced at crack tip that would be the damaging part of the cycle
regardless of any partial closure behind the tip.

The predicted crack opening behaviour of a crack advanced through the TOSH
residual stress field is shown Figure 8.7. Compared is the crack opening level
predicted using elastic material properties and elastic-plastic material properties in
the FE model. The predicted opening levels are equivalent for crack lengths up to 240
pum. As noted [85] when a crack grows in a component without compressive residual
stress it leaves behind a plastic wake. When compressive residual stress is present the
residual stress acts as closing mechanism that forces the crack closed and therefore
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reduces the amount of plastically at the crack tip. This results in an opening stress due
to plasticity that is less than the original opening stress level in the absence of an
initial residual stress field [85]. At crack lengths greater than 240 um the closure level
is greater for the elastic-plastic material. This is because the compressive residual
stress field was lower in magnitude at this depth and therefore there was more
plasticity at the crack tip. In contrast a tensile residual stress field would result in
greater plastically material at the crack tip than applied loading alone however a
tensile residuals field would naturally reduce the crack closure behaviour.
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Figure 8.7: Effect on crack open level of residual stress predicted using elastic and
elastic-plastic FE models.

8.2 Comparison of Measured and Predicted Fatigue Lives

Some authors have attempted to predict the effect on fatigue life of residual stress
for instance Zhao et al. [235] simulated a residual stress field induced via LSP using FE
analysis. The residual stress field along the crack path was used in a crack growth
program to determine fatigue life. This method did not consider the effect of residual
stress redistribution with crack advance and no comparison was made to
experimental data. Liu et al. [287] used a cohesive zone FE model to study the effect
on crack growth of residual stress induced via shot peening. Retardation of fatigue
crack growth increased with greater shot peening intensity however again no
comparison was made with experimental data.

Claudio et al. [288] developed three models to study the effect of shot peening
induced residual stress on crack initiation, early crack propagation, and long crack
propagation separately. The specimens contained scratches 50 or 100 um deep with
50 um root radius (k: of 3.98 and 5.03 respectively). Similar to the current work they
concluded that shot peening had a limited effect on crack initiation especially for
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scratched geometries. This was due to cyclic relaxation of the shot peening effect at
the surface and was in agreement to other author’s findings [289,290]. Predicted
fatigue lives were within a factor of 1.8 of experimental lives. The prediction method
used was similar to the current study i.e. Paris law used based on experimental
material constants and K was calculated using FEA and included crack closure effects.
However their model did not consider residual stress redistribution with crack
advance and this was cited as one potential source of error.

In section 6 three methodologies to determine the stress intensity factor range (4K)
and the stress ratio (R) were defined namely the superposition method, the modified
superposition method, and the Newman crack closure approach. In section 7 fatigue
lives were predicted using the Walker or Paris fatigue crack growth equations based
on experimental 2024-T351 aluminium FCGR curves. Also proposed in section 7 was a
fatigue life prediction methodology based on elastic-plastic FE crack closure analysis.
Fatigue lives were predicted for samples scribed to 50 and 150 pm depth in the
unpeened condition and with MIC1, MIC3, UPM and TOSH LSP treatments.

The experimental measured fatigue lives are compared to predicted fatigue lives in
Figure 8.8 based on 4K and R calculated using (A) superposition method, (B) modified
superposition method and (C) the Newman crack closure approach. In the figures a
scatter factor is shown that encompasses the predicted lives (note: the TOSH lives
were ignored in determining the scatter factor as sample failure occurred remote
from the scribe and these experimental lives are considered run outs).

Firstly consider Figure 8.8 (A) based on the superposition method. For superposition
crack face contact is not considered and 4K is therefore unaffected by the residual
stress field. The only effect on predicted fatigue life of the residual stress field is
caused by changes to R (i.e. Reg). The predicted fatigue lives were conservative and
less than the measured fatigue lives. A scatter factor of 3 encompassed the predicted
fatigue lives as shown Figure 8.8 (A).

Consider Figure 8.8 (B) based on the modified superposition method. For modified
superposition both AK and R are affected by the residual stress field i.e. Kiotmin less
than zero is set equal to zero. In most instances the predicted fatigue lives were less
than measured lives. The predicted fatigue lives were however closer to measured
lives than for the superposition method. A scatter factor of 2.5 encompassed the
predicted fatigue lives. Predicted fatigue lives of the TOSH residual stress field were at
least 6x greater than the measured fatigue lives.

Next consider Figure 8.8 (C) based on the Newman crack closure approach. As for
modified superposition in most instances the predicted fatigue lives were less than
the measured fatigue lives. A scatter factor of 2 encompassed the predicted fatigue
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lives. Again the fatigue lives predicted for the TOSH residual stress field were greater
than measured fatigue lives.

In Figure 8.9 is a comparison of the experimental lives and predicted lives using the
elastic-plastic FE analysis. The predicted fatigue lives were conservative and fit within
a scatter factor of 2.5. The predicted fatigue lives for the TOSH residual stress field
were far greater than those measured.

Similarily Jones & Dunn [88] considered FCGR through residual stress field. They
compared experimental FCGR data to three LEFM approaches: (1) superposition
method, (2) modified superposition and (3) superposition contact method using FE
analysis. The superposition contact method resulted in the closest agreement with
experimental to a factor of 2 to FCGR data and 1.2 to fatigue life.

In all cases the fatigue lives predicted for MIC peening were less than measured
fatigue lives and in some cases the predicted fatigue lives were actually less those
predicted for unpeened samples. This is unsurprising considering the comparatively
little compressive residual stress induced via MIC peening (refer to Figure 4.8).
However experiments showed MIC peening did in fact increase fatigue life compared
to unpeened samples. The MIC peened samples were visibly more distorted than any
of the other peened samples. Unfortunately these samples were tested early in the
project and prior to the influence of distortion on the applied stress range being
appreciated. As such the effect on the applied stress range of MIC induced distortion
was not characterised. As has being mentioned sample distortion reduces the applied
stress range on the peened face and so artificially increases fatigue performance. It is
probable, considering the induced residual stress fields, the majority of fatigue
performance improvement in the case of MIC peening was due to LSP induced
sample distortion and not the induced residual stress fields. It is also worth noting
from Figure 8.8 and Figure 8.9 that the outlying predicted fatigue lives increasing the
scatter factors were for MIC peening. Had the effect on applied stress of the LSP
distortion been characterised during the experiments a modified prediction
methodology could have been adapted similar to that used to account for UPM
induced distortion as described section 7.1.1. Correcting for measured applied stress
range would increase predicted fatigue lives for MIC peening and hence reduce the
scatter factor.

From Figure 8.8 and Figure 8.9 initially it appears the prediction methodologies
overestimated the effect on fatigue performance of TOSH peening. The TOSH peened
fatigue samples did not fracture at the scribes but instead due to crack initiation on
the unpeened face and remote from the peened area. However a fatigue crack had
initiated at the root of the scribe. Interrupted fatigue tests indicated that after an
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initial period of crack growth the fatigue crack stopped propagating (or at least the
FCGR reduced significantly) likely due to the compressive residual stress field induced
via TOSH LSP. The behaviour of the fatigue crack at the root of the scribe was
predicted by the model noting the model. The model was not created to predict crack
initiation remote from the scribe.

Fatigue samples scribed to 50 um depth and peened using UPM LSP also did not
fracture at the scribe but instead due to crack initiation on the unpeened face.
However predicted fatigue lives (based on crack initiation at the root of the scribe)
were similar to experimental measured lives and the modelling results did not
indicate the residual stress field was great enough to arrest FCG as for TOSH peening.
A fatigue crack was observed using SEM to have initiated at the root the scribe. It is
possible that the greater stress range on the unpeened face (due to the distortion)
resulted in fracture before the crack propagating from the scribe root reached a
critical length to cause fracture. This theory could be explored further through
interrupted fatigue tests however no spare UPM peened samples were available for
testing.
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Figure 8.8: Comparison of measured fatigue life to fatigue life predicted using (A)
superposition, (B) modified superposition and (C) Newman crack closure
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Figure 8.9: Comparison of measured fatigue life to fatigue life predicted using crack
closure based elastic-plastic FE analysis

8.3 Predicted Optimum Residual Stress Field

A sensitivity study on fatigue life of residual stress was performed and detailed in
section 7.2 and 7.3. The aim of the study was to determine the optimum residual
stress field that restored the fatigue performance of scribed samples back to that of
pristine material. The study considered four characteristics of the residual stress field
namely the compressive residual stress field depth, maximum compressive residual
stress, position of maximum compressive residual stress relative to peened surface
and the near surface residual stress field.

The sensitivity study considered the effect of these characteristics on a crack
advanced from a scribe 150 um deep only. An assumption was made that a residual
stress field that recovered the fatigue performance of material with a scribe 150 um
deep to that of pristine material would also recover the fatigue performance of
material with a scribe 50 um deep.

The results of the sensitivity study indicated that to achieve significant enhancement
of fatigue performance residual stress must be greater than 120 MPa in compression.
The maximum compressive residual stress induced by the MIC1, MIC3 and UPM
treatments was 5, 44 and 106 MPa respectively i.e. all were less than the 120 MPa
threshold as indicated in Figure 8.10. The fatigue lives of samples scribed to 150 pm
depth with these treatments increased by a factor of 1.2, 1.8 and 3.4 respectively. In
contrast the compressive residual stress induced by the TOSH LSP treatment was
greater than 120 MPa between 30 um and 230 um from the peened surface and the
fatigue lives of samples with this treatment increased by a factor of 15.
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The results of the sensitivity study indicated that compressive residual stress was
most effective within 250 um from the peened surface; a marker line indicates this
depth in Figure 8.10. This is because the SIF at the crack tip will increase rapidly as the
crack propagates from the root of the scribe as shown in Figure 5.5. The aim of the
compressive residual stress is to reduce the SIF at the crack tip. To do this most
efficiently it is desiravle to induce a large compressive residual stress field in the area
where the crack length is still short and 4K small i.e. within 250 um from the peened
surface as indicated by the sensitivity study. For the MIC1 treatment the residual
stress field is tensile at depths greater than 250 um. The residual stress field induced
by MIC3 and UPM LSP treatments are significantly in compression at depths greater
than 250 um. This compressive stress will have little effect on fatigue performance
since the Kyes induced is small and AKgpp is large. The TOSH induced residual stress
field is compressive until 350 um from the peened surface however the majority of
the compressive residual stress field is located closer than 250 um to the peened

surface.
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Figure 8.10: LSP induced residual stress fields used in fatigue tests as measured by
Toparli [132] compared with sensitivity study requirements

The results of the sensitivity study indicated the optimum position for the peak
compressive residual stress was between 100 and 125 um from the peened surface.
The peak compressive residual stress induced by the MIC1 and MIC3 peening was
actually located 176 pm from the peened surface for both treatments. The peak
compressive residual stress after UPM and TOSH LSP was located 112 and 100 um
from the peened surface respectively.
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Finally the results of the sensitivity study indicated that residual stress behind the
crack tip can affect fatigue performance. It is therefore desirable to have compressive
residual stress at the surface and balancing tensile residual stress located deep in the
section i.e. preferably greater than 250 from the surface. The MIC 1 row, 3 row, and
UPM LSP treatments all induced tensile residual stress in the near surface region
whereas the residual stress field induced by TOSH LSP was compressive from the
surface.

The TOSH LSP treatment was the only treatment developed after the sensitivity study
was performed and the findings of the study were actually used as targets to be met
by the peening provider. It is clear that the TOSH LSP treatment fulfils all of the
requirements set by the sensitivity study and indeed provided the greatest increase in
fatigue life of the LSP treatments tested. Although fatigue crack initiation still
occurred at the root of the scribes, interrupted fatigue tests demonstrated that the
induced compressive residual stress field arrested crack propagation and the samples
only failed due to crack initiation remote from the scribe caused by distortion related
effects. Fatigue tests performed in four point bend avoided the distortion issues and
demonstrated the fatigue performance of scribed material after TOSH LSP treatment
was equivalent to that of pristine material.

8.4 Discussion of Experimental Results

The results of fatigue tests in tension-tension and four point bend are compared in
Figure 8.11 where (A) are samples that contained scribes 50 um deep and (B) are
samples that contained scribes 150 um deep. In the figure three sample conditions
are compared. These are unpeened, peened using UPM LSP treatment and peened
using TOSH LSP treatment.
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Figure 8.11: Comparison of tension-tension and four point bend fatigue lives for (A)
samples scribed to 50 um depth and (B) 150 um depth

Firstly consider the unpeened samples. Fracture occurred at the scribe in all samples.
The percentage difference between the fatigue lives of samples tested in four point
bend and tension-tension was 0.2% and 18% for samples with scribes of 50 um and
150 um depth respectively. Measured fatigue lives were within scatter normally
associated with fatigue tests. This implied that the two applied loading conditions
provided comparable results.

Next consider samples with UPM LSP treatment in Figure 8.11. Firstly note that the
tension-tension results are for samples that received no edge rework as this was the
same condition tested in four point bend. In all tests fracture of the samples occurred
at the scribe. The percentage difference between fatigue lives of samples tested in
four point bend and tension-tension was 16% and 11% for samples with scribes of
depth 50 um and 150 um respectively. Again differences between the fatigue lives
measured in bending and tension-tension is within the scatter associated with fatigue
tests.

Finally consider samples with TOSH LSP treatment in Figure 8.11. The samples tested
in tension-tension failed due to fatigue cracks that initiated on the unpeened face. As
described in section 4.5 this was attributed to the greater stress range experienced
on the unpeened face due to residual stress induced distortion. However a fatigue
crack was observed using an SEM to have initiated at the root of the scribes (see
Figure 4.22 and Figure 4.23). The fatigue lives of samples scribed 50 and 150 um deep
tested in four point bend was 70% greater than for samples tested in tension-tension.
In four point bend the unpeened surface is in compression and therefore inhibits
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crack initiation on the unpeened face due to the residual stress induced distortion.
The samples tested in four point bend fractured due to crack initiation caused by
fretting at the position of the contact rollers. A pristine sample tested in four point
bend also fractured due to crack initiation caused by fretting at the contact rollers.
The fatigue life of the pristine sample was 550,114 cycles as reported in section 4.4.
The average fatigue life of the four samples tested in four point bend was 521,546
cycles or 95% of the pristine life. However since fracture was due to crack initiation
isolated from the scribe it can be concluded that the LSP treatment restored the
fatigue life to that of pristine material.

The interrupted fatigue tests showed that the LSP induced residual stress field had no
effect on fatigue crack initiation at the root of the scribes. Fatigue performance was
determined through a combination of the effect on crack growth of the induced
compressive residual stress field and the resultant specimen distortion. For instance
the limiting factor on fatigue life of the TOSH LSP treated samples tested in tension-
tension was the resultant distortion. The distortion caused an imbalance of the
applied stress range on the peened and unpeened surfaces. The resultant stress
range on the unpeened surface was greater than intended and therefore caused
premature crack initiation and failure of the specimens. The four point bend results
indicated that if the LSP induced distortion can be reduced whilst maintaining a
similar residual stress profile in the region of the scribe, the fatigue life measured in
tension-tension would increase as predicted by the fatigue life model. This could be
achieved by reducing the width of the peening patch which would reduce sample
distortion and should still maintain the same level of residual stress.

8.5 Notch Effects

In section 4.3 fatigue tests were performed at reduced maximum applied stress to
study the effect on fatigue strength of 50 and 150 um deep scribes. The results are
compared with those of Nader [31] in Figure 8.12 below. Nader tested 2024-T3
aluminium samples under constant amplitude loading at R = 0.1. The specimens
contained scribes of root radius of 83 um and wall angle of 90° (note: in the current
work the scribe root was 5 um and wall angle 60°). Nader set the fatigue limit as 10°
cycles whilst in the current work it was 107 cycles.
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Figure 8.12: S-N curve for scribed components compared to results of Nader [31]

It is clear from Figure 8.12 that unscribed samples were more resistant to fatigue
damage than scribed samples. As the depth of the scribe was increased fatigue life
decreased as did fatigue strength. However there are differences between Nader’s
results and the current work. For instance the endurance limit of a scribe 50 um deep
(Kt = 8) was 140 MPa roughly equivalent to the endurance limit of Nader’s scribe 150
um deep (K: = 3.8). The fatigue strength at 10° cycles of a scribe 50 um deep was 170
MPa whereas for Nader’s scribe 150 um deep it was only 135 MPa despite having a
smaller K;. These results imply that fatigue strength was not solely a function of scribe
depth or K:. Nader’s scribes were created using a modified milling process. It is likely
that differences in the results were caused by residual stress induced during scribing.

The fatigue tests at reduced stress range allowed for calculation of the fatigue stress
concentration factor (Ky) and the notch sensitivity factor (q). Kr is the ratio of the
endurance limit of an unnotched specimen to the endurance limit of a notched
specimen tested under the same conditions. Kris calculated using equation 8.1 below
[7]. q is a measure of agreement between Krand K; and is calculated using equation
8.2 below [7]. Where f is a characteristic material parameter and p is the radius of
the notch root. If g = 0 then Ky = 1 and the material has no sensitivity to notches
whereas if ¢ = 1 then Kr= K and the material has full notch sensitivity.

Endurance Limit Unnotched

K= 8.1
= Endurance Limit Notched (8.1)
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q (8.2)

Using the experimental data from Figure 8.12 Krof 1.2 and 1.8 was calculated for the
scribes 50 and 150 um deep respectively. As stated previously the fatigue geometric
stress concentration factor (K:) associated with the 50 um and 150 um notches was
calculated as 8 and 14 respectively i.e. approximately 7x greater than Ky. Hertzberg et
al. [7] stated that Ky increases slower than K; with decreasing notch root radii and
attributed this to a lack of distinction made between fatigue crack initiation and
fatigue crack propagation processes. Therefore it is unsurprising that there are large
differences between Kr and K: observed in the current work since it has been
demonstrated that there was no initiation period for fatigue cracks at the root of the
scribes.

From equation 8.2 a q of 0.03 and 0.06 was calculated for the 50 and 150 pm deep
scribes respectively. There is a discrepancy between calculated g values for samples
with 50 and 150 um deep scribes. Determining the endurance limit of aluminium is
difficult as it is not as distinct as for ferrous metals. In addition limited samples were
available for the S-N tests and ideally more samples were required to determine
precisely the endurance limit at 10’ cycles. A g of 0.11 was measured [33] for 2024-T3
aluminium with scratches between 40 and 150 um deep with a root radii of 83 um.
Therefore g measured in the current work is less even though the radius of the notch
root is smaller i.e. the material is less sensitive to the sharper notch. Similar
observations are well publicised [7].

The fatigue stress concentration factor can be predicted using equations 8.3 and 8.4
from Neuber [291] and Peterson [292] respectively. The notch geometry is defined by
the stress concentration factor (K:) and the root radius, p. The material constants, cn
and ¢, were taken as ¢, = 1270 pm and ¢p = 635 pm for 2024-T3 aluminium [293].

Kt_]‘
1+ |2
i3
Kt_l
1+-2
p

Predicted and experimental fatigue stress concentration factors using Nader’s data
[31] and results from the current work are compared in Table 8.1. Both predicted and
experimental Krincreased with increasing notch depth and K:. The Krvalues for the
samples in the current work were greater than those of Nader at the same scratch
depth due the difference in scribe root radius as explained earlier in terms of q. The
Neuber rule generally overestimated Kr compared to the experimental Kr from the
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current and Nader’s work. Predicted Krwere within -2% and +28% of experimental K.
The Peterson rule again overestimated Nader’s experimental Kr (+5% to + 15%)
however were closer than those predicted using the Neuber rule. For the current
work the Peterson rule underestimated Krby up to -63%. It has been noted [294] that
since both the Neuber and Peterson rules are empirical fitting equations they have
limitations when the empirical constants are not directly calibrated with experiments.

Table 8.1: Comparison of Ky predicted using Neuber and Peterson rules with
experimental Ky

Scratch Geometry Test Neuber Peterson
d P 0 e e
K, K, K, K,
[um]  [um] [deg] ' / N 7 I 1)
40 83 90 245 101 129 22 117 13
60 83 90 277 104 136 24 120 14
8 100 8 90 329 108 147 27 126 15
< 150 83 90 38 113 157 28 132 14
225 83 90 445 133 170 22 140 5
t 5o 5 60 807 12 142 15 105 -14
3 150 5 60 1395 18 176 -2 110 -63

It is well established that residual stress fields induced by cold working such as shot
and laser peening can increase the endurance limit of the material
[35,140,142,156,158,160,176,203,295,296]. Some  authors [297-302] have
investigated the effect on the endurance limit of notched components with residual
stress fields. Xu et al. [297,298] tested shot peened notched specimens (K: = 2.85)
and compared the results to predictions based on Neuber rule to assess local stress
and strains and the Goodman criterion to account for mean stress. The predicted
values of fatigue strength were within 15% of the experimental values. Benedetti et
al. [299] considered shot peened notched 7075 aluminium (K: = 1.53 and 2.33). They
measured greater increase of notch fatigue strength due to the induced residual
stress field for the more critical notches. It was beyond the scope of the current work
to investigate the effect on endurance limit of notched components with residual
stress due to the quantity of samples required and the expense of the peening
treatment. However a recommendation has been made for future work.
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9 Conclusions
The following conclusions are made based on the research presented.

1.

The number of cycles to failure of dogbone shaped samples 2mm thick and
scribed to a depth of 50 um reduced 84% compared to the pristine material. For
samples scribed to 150 um depth the cycle to failure reduced by 95%. The failure
of the scribed samples was caused by fatigue crack initiation the root of the
scribes and propagation of the crack thought thickness until fracture.

The threshold fatigue limit of pristine clad 2024-T351 aluminium 2mm thick was
was 145 MPa at an R of 0.1. The fatigue limit reduced by 14% to 125 MPa for
samples that contained scribes 50 um deep and by 45% to 80 MPa for samples
that contained scribes 150 um deep.

The effect of laser shock peening on fatigue life of scribed samples varied from a
further 3% reduction on scribed fatigue life to a 74% recovery of the pristine
material life. Failure for the majority of samples was caused by fatigue crack
initiation at the root of the scribes. However samples that had the greatest
fatigue life recovery, failure was caused by crack initiation remote from the
scribes and on the unpeened face. This initiation was caused by an increased
applied stress range on the unpeened face resulting from sample distortion
induced during peening.

Fatigue tests performed in four point bend avoided distortion related issues
experienced in tension-tension. In the best case the fatigue life of peened samples
was equivalent to that of the base material. However in these instances the
fatigue crack initiation that caused sample fracture initiated due to fretting
between the sample surface and the contact rollers of the test jig.

Analysis of sample fracture surfaces indicated that LSP had no effect on fatigue
crack initiation behaviour at the scribes but did reduce the FCGR. In fact
interrupted fatigue tests indicated that for some peened samples the induced
compressive residual stress field fully arrested fatigue crack propagation from the
root of the scribes.

A finite element model was developed based on elastic material properties that
used virtual crack closure technique for calculation of stress intensity factors.
Crack advance was modelled through a node release scheme. It was found when a
crack advances 7 um from the root of a scribe 50 um deep and 15 pum from the
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root of a scribe 150 um deep that the SIF is equivalent to a crack of the same
length i.e. 57 um and 165 um respectively.

The superposition, modified superposition and Newman crack closure
methodologies as a basis for fatigue crack growth prediction were compared. The
Newman crack closure approach resulted in the closest correlation between
experimental and predicted fatigue lives which were within a factor of two
difference.

A Finite element model that used elastic-plastic material properties and contact
conditions along the crack path was developed to study the effect of residual
stress on crack closure. In the unpeened condition the crack was open for a
minimum 93% of the applied load cycle. In comparison the crack was open for a
minimum 17% of the applied load cycle in the most compressive of the residual
stress fields studied. The analysis showed that the shape of the residual stress
field can influence the behaviour of the crack face contact behind the crack tip.

A sensitivity study was performed that determined the residual stress field to
restore the fatigue life of scribed material back to that of pristine unscribed
material. It was found that residual compressive stress of at least 120 MPa is
required, that the compressive peak stress located between 100-125 um from the
surface is most effective and that compressive stress greater than 250 um from
the surface has no effect on fatigue performance.
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10 Recommendations for Future Work
In this section recommendations are proposed for future work.

1.

The fatigue life of the peened samples tested in tension-tension was limited by
LSP induced sample distortion and resultant increased applied stress range this
caused on the unpeened face. Eliminating or reducing distortion would extend
fatigue lives of the peened and scribed samples assuming the residual stress
profile is maintained. This could be achieved through further refinement of the
LSP processing parameters. A narrower LSP strip width would also reduce
distortion however this could affect the induced residual stress field.

The effect on material fatigue strength of 50 um and 150 um deep scribes was
investigated. The effect on fatigue strength of material scribed and then peened
could be investigated experimentally and results compared to predictions of
fatigue strength.

The experimental residual stress field data used in the fatigue life prediction
models were measured on unscribed samples. A rebalancing operation was
performed during the first step of the FE analysis to redistribute the residual
stress field around the scribe. A complete residual stress field measurement
including around the scribe could greatly improve prediction of fatigue lives.
During the research no current method for residual stress measurement was
capable of measuring the residual stress field at the scribe however future
advances may make this possible with the contour method currently looking the
most promising.

Validation of predicted crack closure levels by comparison to experimental
measurements of crack closure. Remote crack tip closure in the presence of the
residual stress fields could make measurement of crack closure even more
difficult. No such issue would be expected for samples in the unpeened state.

Development of a method to determine the SIF for situations that include
external applied stress and internal stress (i.e. residual stress) in FE models that
use elastic-plastic material properties.

Other variables could be considered in the residual stress field sensitivity study.
This could include variables such as the effect of residual stress on sample
distortion and on crack closure level.
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7. Inthe current work the size of the notch affected zone was investigated using FEA
for notches of depth 50 um and 150 um with 5 um root radius. This work could be
expanded on to determine the effect on the notch affected zone for notches with
the same K: but different notch dimensions i.e. depth and root radii.
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A. Residual Stress Fields induced by Laser Shock Peening

The residual stress fields induced by laser shock peening were measured using the
incremental hole drilling method by Toparli [132]. The incremental hole drilling
technique provides residual stress in increments through the depth and in two
perpendicular directions depending on the alignment of the strain gauge. The
alignment of the strain gauges by Toparli [132] provided measurement of stress
parallel and perpendicular to the scribe as illustrated in Figure 4.7. Throughout the
current work the direction parallel to the scribe line is termed S1 and perpendicular
to the scribe line (i.e. the applied loading direction) is termed S2. Details of the LSP
treatments are found in section 3.5.

The residual stress field induced by the MIC1 LSP treatment is shown in Figure A.1.
The induced stress field was not equibiaxial. The residual stress in the S1 direction
was approximately 22x greater in magnitude in compression than the stress in the S2
direction. The residual stress in the S2 direction was in tension through most of the
depth measured. There was a tensile peak of 30 MPa 40 um from the peened surface.
The residual stress field was in compression between 0.1 and 0.2 mm from the
peened surface and peaked at -4.5 MPa. At depth greater than 0.2 mm from the
peened surface the stress field was in tension.
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Figure A.1: Residual stress field induced by MIC1 LSP treatment and measured using
incremental hole drilling technique by Toplarli [132]

The residual stress field induced by the MIC3 LSP treatment is presented in Figure
A.2. Again the residual stress field was not equibiaxial. The compressive residual
stress measured in the S1 direction was approximately 2x magnitude greater than the
stress in the S2 direction. The residual stress in the S2 direction was in tension near
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the peened surface. The tensile stress peaked at 64 MPa 40 um from the surface. The
residual stress field was in compression between 0.09 mm and 0.8 from the surface.
The peak compressive stress was 44 MPa 0.21 mm from the surface.
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Figure A.2: Residual stress field induced by MIC3 LSP treatment and measured using
incremental hole drilling technique by Toplarli [132]

The residual stress field induced by the UPM LSP treatment is shown in Figure A.3.
Similar to the MIC induced residual stress fields the UPM stress field was not
equibiaxial. The compressive stress measured in the S1 direction was approximately
3x greater in magnitude than the stress measured in the S2 direction. The residual
stress in the S2 direction peaked in compression -106 MPa 0.11 mm from the peened
surface. The compressive stress gradually reduced with increased depth and became
tensile at a depth of approximately 0.7 mm. The residual stress field was in tension at
the peened surface until a depth of 0.06 mm. It peaked at 61 MPa 0.04 mm from the
surface.

In contrast to the previous three LSP induced residual stress fields the TOSH 0.4@-18
LSP treatment induced a residual stress field that was approximately equibiaxial as
shown in Figure A.4. The maximum compressive stress was 223 MPa and 204 MPa in
the S1 and S2 directions respectively and was 0.1 mm from the peened surface. Both
compressive stress fields decreased with increased depth and transitioned to tension
approximately 0.42 and 0.35 mm from the surface in the S1 and S2 directions
respectively.
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Figure A.3 Residual stress field induced by UPM LSP treatment and measured using
incremental hole drilling technique by Toplarli [132]
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Figure A.4: Residual stress field induced by Toshiba 20-0.40-18/mm? LSP treatment
and measured using incremental hole drilling technique by Toplarli [132]

Similarly the TOSH 0.4®-54 treatment induced an approximately equibiaxial residual
stress field that was in compression at the peened as shown in Figure A.5. The
maximum compressive residual stress was -268 MPa 0.11 mm from the peened
surface in the S1 direction and -299 MPa 0.08 mm from the peened surface in S2
direction. The stress fields became tensile at 0.55 mm and 0.42 mm depth in the S1
and S2 directions.
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Figure A.5: Residual stress fields induced by Toshiba 20-0.4@-54/mm? LSP treatment

200

100

o

=
o
o

N
o
S

-300

: =a= S1 Direction

] —e—S2 Direction

0 . 0.6 0.8 1
Depth (mm)

and measured using incremental hole drilling technique by Toplarli [132]
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