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Abstract

ABSTRACT

Foreign Object Damage (FOD) is one of the main life limiting factors for aeroengine fan
blades. The FOD impacts during takeoff and landing cause severe damage to aerofoils,
resulting in reduced air safety and life time with an estimated annual cost of $4 billion for
the aeroengine industry. Advanced surface treatments, such as Laser Shock Peening
(LSP) have significantly improved the fatigue strength and crack growth resistance of
critical components under FOD. However, it is not yet possible to predict the protective
residual stresses and utilise their full potential for enhancing fatigue resistance and
damage tolerance capacity in service. This research programme aims to utilise some of
the established methods for fatigue tolerance assessment of critical components, based on
fracture mechanics principles, to address the effects of complex residual stresses due to
LSP and FOD on fatigue crack growth in aerofoils under simulated service loading

conditions.

The experimental study involved fatigue testing of LSPed and FODed specimens with a
geometry representative of fan blades made from Ti-6Al-4V alloy. A four point bend
fatigue test setup was designed and calibrated. A real-time computer-controlled crack
growth monitoring system and optical crack monitoring techniques were developed.
Scanning Electron Microscopy (SEM) and Back-Scatter Electron (BSE) were used to
conduct metallographic and fractographic studies, including crack initiation, early
fatigue crack growth and FOD damage characterisation. The fracture mechanics analyses
used the weight function method and the finite element method to obtain a modified
stress intensity factor considering residual stresses due to LSP and FOD. Fatigue crack
growth data under low cycle fatigue (LCF), high cycle fatigue (HCF) and combined LCF
and HCF loading conditions were correlated using a standard and the modified stress
intensity factors. The influence of impact angles and loading conditions on fatigue crack
growth behaviour was assessed, and the results were compared with those from

untreated FODed specimens.
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Chapter 1 Introduction

1 Introduction

1.1  Background

FOD refers to Foreign Object Damage caused by objects ingested into turbine engines
during takeoff and landing, the velocities of the objects can reach 60 to 500m/s. These
impacts cause severe damage to parts of aeroengines, with the leading edge of
aerofoils particularly susceptible. FOD has been identified as one of the main life
limiting factors for aeroengine fan blades. The list of typical runway debris, acting as
ingested projectiles are extensive and can be divided into two categories of "soft body"
debris, such as ice, cloth rags and animals; and "hard body" debris, such as rocks and
small metallic objects. Boeing estimated that the annually direct costs for aeroengine
maintenance are about $4 billion for the aeroengine industry (Bachtel, 1998). A study
by Insight SRI Ltd., UK (2008) suggested that indirect costs such as delays! or fuel

inefficiency? (2 cases out of 33) would be roughly 10 times the direct costs.

The occurrence of FOD in fan and compressor blades can significantly reduce the high
cycle fatigue (HCF) resistance of advanced turbine engines. The reduction of fatigue
strength is related to highly elevated tensile stresses and microcracks from FOD
impacts onto the surface of the components. From a FOD site, at a blade resonant
frequency within the engine's speed regime, the cyclic stress can be sufficient to
initiate and propagate a crack. In 1994, the U.S. Air Force initiated a program entitled
the "National High Cycle Fatigue Science and Technology Program" to better
understand HCF and its relationship to FOD. Research results of this program led to

good design practice and new design initiatives for FOD prevention and mitigation,

1 At large airports the costs can come to well over $1 million per year.
2 For example, the operating costs for a Boeing 767 for a typical flight would increase by $147.85 per
flight. This indirect fuel costs alone is more than three times the direct engine costs per flight ($47).
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including damage tolerant design methods, enhanced blade coatings, inlet particle

separators, and surface treatments such as laser shock peening.

A laser shock peening (LSP) technology has been applied to turbine engine blades by
introducing compressive residual stresses in the components surface layer to improve
FOD resistance. Compared to traditional surface treatments such as shot peening used
often in civil aviation, LSP introduces a layer of 10 times deeper compression, which is
more effective against FOD (Ruschau et al., 1999a; 1999b). LSP treated engine blades
were reported to last 3 to 5 times longer than non-peened blades (Heller, 1998). The
U.S. Air Force used LSP to treat fan blades (B-1B program)3 and found that the
treatment was essentially insensitive to FOD defects up to 6.35mm deep (See, 2000;
Tenaglia and Lahrman, 2003). Stronger engine blades result in less FOD to engines,
less risk to aircraft and improved air safety. Despite the higher costs of LSP in the
manufacturing process of engine blades, it has avoided over $59 million in costs
through reduced blade replacement, reduced secondary damage engine repair, and
avoidance through airfoil failures. Additionally, $40 million cost avoidance was
realised by avoiding 42 catastrophic failures, according to U.S. Air Force (Web site 1-
1). Calculating this impact over all engines in the Air Force fleet, the potential savings

could easily approach one billion dollars (Web site 1-1).

A fundamental understanding of fatigue damage process due to FOD in the presence
of LSP is vital, if such advanced surface treatments are to be utilized to their full
potential for enhancing fatigue resistance of engine blades. Although methods for
damage tolerance assessment of critical components based on fracture mechanics
principles are well established, methods of dealing with the effects of residual stresses
due to FOD or LSP on fatigue behaviour of these components are in their infancy. It is
not yet possible to predict the most favourable residual stress states for improvements
in damage tolerance capacity in service. Numerous LSP parameters must be tested by
costly trial-and-error and the costs increase sharply with the need for extensive
specimen and component testing under service loading conditions. The proposed

work aims at characterising fatigue crack growth due to FOD in LSP treated aerofoil

3 The B-1B Lancer is a four-engine, variable-sweep wing strategic bomber used by the U.S. Air Force.
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specimens to assess the effects of complex residual stresses caused on crack driving

force under service loading conditions.

1.2 Aims and objectives

This project brought together the Mechanical Behaviour of Materials Group at the
University of Portsmouth (UoP) and the Residual Stress group at the University of
Manchester (UoM) to tackle the influence of surface residual stresses on fatigue crack
growth behaviour due to FOD and LSP. The proposed research has been developed in
collaboration with the Defence Science and Technology Laboratory (DSTL), Rolls-
Royce plc., and QinetiQ. The project was funded by the Engineering and Physical
Science Research Council (EPSRC) and the Ministry of Defence (MOD), UK. Aerofoil
type specimens were provided by Rolls-Royce plc., who also provided the surface

treatment (LSP) of the specimens prior to FOD.

The aim of this thesis is to understand how foreign object damage influences fatigue
crack growth behaviour in aerofoil samples protected by deep compressive residual
stresses under service loading conditions, using essentially experimental approaches.
The residual compressive stresses were introduced by LSP, FOD was simulated by
using a gas gun, and loading conditions were representative of flight cycles including

both high cycle fatigue (HCF) and low cycle fatigue (LCF) loading conditions.

The specific objectives to reach the aim are:

. To develop an accurate experimental method to test complex shaped aerofoil
specimens, to carry out mechanical testing under LCF, HCF and combined LCF

and HCF loading conditions and monitor fatigue crack growth.
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. To conduct metallographic and fracographic studies on LSP+FODed samples to
characterize the morphology of FOD damage, crack initiation and early crack

growth.

. To use the concept of Fracture Mechanics and the finite element method to
consider residual stresses due to LSP and FOD, and to modify the stress

intensity factor.

. To correlate the fatigue crack growth rates using standard and modified stress

intensity factors.

. To compare fatigue crack growth behaviour due to FOD in LSPed and

untreated specimens to assess the influence of LSP.

1.3  The research programme

The research presented in this thesis contains both experimental and numerical

aspects. A schematic illustration of the thesis's outline is given in Figure 1-1.

Chapter 2 aims to set the stage for this research based on a comprehensive review of
the literature related to the topics of the research, including basic concepts of fracture
mechanics and fatigue, as well as the research activities carried out up to date on the
studies of FOD, LSP and fatigue behaviour of materials under service loading
conditions. The experimental work of simulating FOD, calibrating and setting up
crack monitoring methods and the mechanical test system is presented in Chapter 3.
Further, this chapter provides information on the types of damage and loading
conditions considered, test specimen geometry, surface treatments (LSP), and material
details. Typical damage characteristics and their role in the crack initiation and early
crack growth under simulated service loading conditions obtained by optical
examination are covered in Chapter 4. Chapter 4 also presents comparisons with
research results from previous studies such as cubical FOD impacts from specimens

without LSP and those of spherical FOD impacts.
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Figure 1-1 Schematic outline of the thesis.

Chapter 5 presents a study on the application of the weight function method and the
finite element method to evaluate the crack driving force in the presence of residual
stresses due to LSP and FOD. Experimentally measured one-dimensional residual
stress distributions provided by our research partner were used in the analyses and
the results of both methods were compared and processed for further application in
Chapter 6. Chapter 6 focuses on the fatigue crack growth characterisation. The crack
growth rates are correlated with the stress intensity factors using a standard single
edge crack solution and a modified stress intensity factor (Chapter 5). The results are
discussed with regard to the role of residual stresses in the characterization of fatigue
crack growth due to head-on and 45° impact under LCF, HCF and combined LCF and
HCF loading conditions. Results of the present specimens (LSPed+FODed) were also
compared with those from unpeened FODed specimens of the same alloy from a

previous study.
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2. Literature review

It has been estimated that approximately 90% of all engineering failures can be
attributed to fatigue (Anderson et al., 1990). Fatigue crack growth may be divided
into two stages: Crack initiation and crack growth (Forsyth, 1963). Both require the
accumulation of irreversible plastic deformation due to repeated stress cycles.
Hence, a total fatigue life will be the summation of the life spent initiating a crack
and subsequently propagating it to a critical value, which may be the critical crack

length necessary for fast fracture to occur (Figure 2-1).

Crack Length a
Failure
A Macro-Crack Growth

Micro-Crack Growth

Crack nucleation !

N

>

Number of Cycles N

Figure 2-1 A schematic of the stages of fatigue crack growth.

Generally, cracks develop at free surfaces where the material is often exposed to
environmental effects and applied stresses are high (Broek, 1986). In idealised defect-
free pure metals, cracks initiate as a result of the formation of persistent slip-bands.

Common to most materials are sub-surface-defects (shrinkage, gas porosity or
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impurities) and notch like features resulting from scratches, which potentially serve

as initiation sites for cracks from which early crack growth may occur.

In Stage I, micro-crack growth is also referred to as “small-crack growth” regime,
where a microcrack develops at approximately 45° to the direction of the nominal
tensile stress in a length scale of 1-10um. The phases of crack nucleation and micro-
crack growth can consume up to 90% of the service performance of a component
(Pearson, 1975; Erdogan, 2000; Suresh, 2001). The transition from micro- to macro-
crack growth is called Stage II crack growth, where a crack propagates on a plane
normal to the maximum tensile stress. The crack grows faster and usually forms
beach marks known as striations, indicating the position of the crack fronts on

successive load cycles. Striations often indicate the number of cycles experienced.

Based on this theory, the safe-life approach has been developed for designing
components against fatigue. This approach determines the components life by
conducting a rig test under typical in-service conditions. The endurance or fatigue
limit is defined as the cyclic stress sustained by the specimen over 107 cycles. The
end of life point is taken to be either life to first engineering crack (>0.75mm) or a
fraction of life to rapid fracture. However, in fracture critical applications in certain
aircraft components, the existence of initial defects formed during manufacturing
processes or in-service accidents such as foreign object damage is often unavoidable

and must be accounted for.

These considerations led to a new design philosophy, damage tolerance, which is
based on fracture mechanics. This concept assumes that a defect in a component will
act like a crack under service conditions; hence analysis should be focused only on
the propagation life of the component. The initial defect size is often determined by
non-destructive inspection (NDI) limits and the critical crack length may be
estimated from the applied stress and material properties. The life is determined by
using fracture mechanics concepts and ensures that, at any time, the remaining
fatigue life to grow a crack until fracture is greater than the expected service
duration. This life may be used in conjunction with the safe-life method, allowing

appropriate inspection intervals to be determined, which is usually half the
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predicted crack growth life (tolerable crack length). If no crack or a crack smaller
than the tolerable crack length is detected during these inspections, the component is

returned to service until the predicted safe life is reached.

Crack growth laws based on fracture mechanics are necessary to predict crack
propagation lifetime and determine the inspection intervals accurately. In this
context, one of the objectives of the current study is to determine fatigue crack
growth under surface treatment (LSP) and surface damage (FOD) to describe fatigue
crack growth behaviour based on a damage tolerant concept. The stress intensity
factor (SIF) approach allows applications of basic fracture mechanics to quantify

fatigue crack growth and to assess the remaining fatigue life.

2.1 Basic Fracture Mechanics

Stress intensity factor, K, is one of the most important concepts in linear elastic
fracture mechanics (LEFM), and is a single-parameter which provides a measure of
the intensity of the near-tip stress fields under linear elastic conditions. In general, a
cracked body can be loaded in three possible modes of crack surface displacements
for which stress intensity factors can be calculated. The majority of engineering
fatigue failures, however, is predominantly caused by the most damaging tensile
Mode I, where cracks grow perpendicular to the applied load (Campbell and Ritchie,
2000). This study focuses on this load type and further references to the SIF will refer
to the stress intensity factor in Mode I, Ki, which may be expressed in terms of crack

size, a, remote stress, o, and a geometry factor, Y as:

K =oVmaY (2-1)

For standard loading conditions and geometries, Y can often be obtained from
handbooks such as (Tada et al., 1973; Rooke and Cartwright, 1976). Paris and
Erdogan (1963) demonstrated that the rate of crack propagation is governed by the




Chapter 2 Literature review

cyclic stress intensity factor AK, defined as the difference between the maximum and

minimum values of K in a fatigue cycle:
AK = Kmax — Kmin (2-2)

The typical life of a material subjected to a constant cyclic load is shown in a
sigmoidal curve in Figure 2-2. Region I has very low crack growth rates and a fatigue
threshold, AKw, below which crack growth is extremely low, typically below
10-m/cycle (ASTM, 1995). In Region III crack growth rates increase rapidly with
increasing AK towards fast fracture bounded by the fracture toughness, Kc. Region

IT shows a log-log relationship between AK and da/dN, usually referred to as the

Paris law:

da m

where C and m are material constants.

T Region | Region II Region III

& &
i . Fracture
(Paris region)
L~

da/dN=C

Threshold

Crack Growth Rate, da/dN (mm/Cycle)

AKu  Stress Intensity Factor, log AK  Kcor Kic

Figure 2-2 A Schematic illustration of fatigue crack growth behaviour in metals.

10
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The fatigue crack growth rates can be influenced by the phenomena of crack closure
effects. Elber (1971) observed that cracks can physically close behind the crack tip by
contact of cracked surfaces, even under a nominal tensile load. This contact may
occur at a stress intensity level above the Kmin value of a cycle. Thus, the fatigue
crack growth rate might no longer be determined by the nominal value of stress

intensity factor AK, rather by an effective value of AK:

AKeff = Knax — Kop (2-4)

where Kmax is the maximum stress intensity factor and Kop is the stress intensity
factor to open the crack. This equation accounts not for the mechanism of crack
closure, for example due to plastic wake, oxidation, fracture surface misalignment
(Suresh, 2001). Studies on fatigue of LSPed materials by Ruschau et al. (1999a; 1999b)
for Ti-6Al-4V and Hatamleh (2009) for an Al alloy, reported increased crack closure
effects due to the high compressive residual stresses. In the current study, LSP
treatment and FOD impact both generate considerable residual stresses; hence
closure effects should be examined. Plasticity-induced crack closure was proposed
by Elber (1971) arising from the consideration of the plastic zones left behind as the
crack advances. The plastic wake tends to be a source of compressive residual stress,
which presses the crack flanks together. This may superimposes a constant negative
stress on the applied cyclic stress and shifting the mean stress of the cycle to a lower
value (Oakley and Nowell, 2007). Oxide-induced closure (Endo et al., 1969) may be
explained by a gradual breaking and reforming of the oxide scale formed behind the
crack tip due to repeated contact between the fracture surfaces, along with any
debris originated from a foreign source or the cracked materials. Roughness-induced
crack closure, originally termed as non-closure by Beevers (1981), arises due to the
rough nature of the fracture surfaces as the two halves of the crack do not fit
together perfectly. Opposing asperities will come into contact at some point,

transmitting stress across the crack faces and causing closure effects.

Fatigue crack initiation and growth behaviour can be influenced by stress raiser such

as a hole or a notch e.g. as a result of FOD. The presence of a notch introduces an

11



Chapter 2 Literature review

increase in stress or stress concentration at the root of the notch, where a stress
gradient starting from the root of the notch toward the centre of the sample, and a
triaxial stress state. The effect of notch may be measured by the stress concentration
factor, Kt, which may be derived based on the notch geometries (Peterson, 1974). The
stress concentration factor is the peak stress at the root of the notch and the nominal

stress that would be present if the notch did not exist.

K, = ke (2-5)
Onom

Haritos et al. (1999) and Lanning et al. (1999) characterised FOD as a notch using the
K: factor to estimate the remaining fatigue life, but concluded that many factors
besides the notch geometry affects the fatigue life of a notched component, such as
notch root plasticity along with stress state and stress ratio at the notch root. The
influence of each parameter upon fatigue limit predictions must be recognized. A K
based stress description is inappropriate when notch root plasticity is present. This
plasticity can change the level of fatigue reduction resulting in fatigue conditions
different from those estimated from K This fact limits the K: approach for the
application of FOD-induced notches such as geometrical irregularities of the FOD
notch, the residual stresses resulting from the impact and the LSP treatment. In
addition, the geometry of FOD notches is highly influenced by geometry of the
component. Generally the V-notches possess a very sharp notch root radius and the
corresponding K: solutions are not available in standard reference books. K factor
may be used to compare FOD notches resulting from different impact conditions

though.
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2.2 Fatigue crack growth under LCF, HCF and combined LCF+HCF loading

Fatigue may be divided into two categories: Low-cycle fatigue (LCF) and high-cycle
tatigue (HCF). LCF refers to fatigue cycles with large amplitudes (R~0) and low
frequencies (0.01 — 1Hz), often under strain-control, where total number of fatigue
lives is typically less than 104 - 10° cycles; as opposed to HCF where fatigue cycles
consist of small amplitudes (R20.7) and high frequencies (100 — 10,000), often under
load-control, and total number of fatigue lives usually exceeds 10° cycles (Suresh,

2001; Nicholas, 2006).

Gas turbine aero-engine components such as discs and blades usually experience
complex load spectrums derived from thermal and mechanical stresses during a
flight cycle. The loading of a typical flight cycle can be simplified by dividing it into
the three phases: 1) Take off and initial climb, 2) climb and 3) cruise (Hawkyard,
1997). The large amplitude, low frequency loadings during takeoff and landing
would contribute to LCF and usually referred to as major cycles. The rotary motions
of a gas turbine engine give rise to vibrational, or minor stress, cycles, mainly during
cruise. The stress ratios of these cycles are usually greater than 0.8 and they are

superimposed on the peak of the major cycles. These minor cycles contribute to

HCEF.

n

AI<ma]or
Major cycle
AI<’c0’cal

Total cycle

A 4 A

l

Figure 2-3 Schematic of a combined LCF + HCF cycle fatigue load block (Powell,
1985).
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Figure 2-3 shows the major cycle (LCF) as a trapezoidal stress wave with a hold time
in between them during which HCF cycles are superimposed. LCF loading produces
a stress intensity factor range AKmajor during its dwell times at maximum K, a
vibratory loading occurs whose range is denoted by AKminor. In the combined
loading case, the total contribution of the total growth rate is the sum of
AKiotal+AKminor since the LCF cycle now goes from minimum to maximum through
an amplitude AKiotal (Nicholas, 2006). The load ratios in combined loading consist of
Rminor and Rmajor, representing the values of R for HCF and LCF cycles, respectively.
The number of HCF cycles per LCF cycle is given by n. Combined LCF+HCF loading
can be referred as combined cycle fatigue (CCF). The CCF loading pattern consisting
of one major cycle with n minor cycles superimposed has been termed as one
loading block, and the FCG rate is written as da/dBlock or da/dB, AKiotai 0r AKmajor

may be used to correlate the crack growth rate (Powell, 1985).

A

Regime 1

N\

Regime 2

Log da/dB

v

LOg AI<total

Figure 2-4 Fatigue crack growth regimes for LCF+HCF loadings (Byrne et al., 2003).

When CCF loading is applied, crack growth behaviour is shown to follow two
different patterns, as depicted in Figure 2-4 where the minor cycle prompts faster

crack growth once an onset is reached (Byrne et al., 2003). The LCF growth rates
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follow the rate for LCF alone below AKonset. A transition to an accelerated crack
growth occurs when the threshold AKonset is reached, and if the number n of HCF
cycles per block is high enough (Powell and Duggan, 1986; Hawkyard et al., 1996;
Powell et al., 1997; Byrne et al., 2003). On the other hand, a decrease in the HCF
vibratory amplitude significantly increased the fatigue life by delaying the onset of
HCF crack growth (Hall and Powell, 1997; Powell et al., 1997). Similarly, Cowles
(1996) studied CCF fractured surfaces and observed the LCF and HCF portions of
the applied cycle at distances greater than 0.75mm from the initiation point, but a
decrease and eventual disappearance of damage attributed to HCF loading when
moving closer to the origin. A single and block LCF overloads influence the crack
growth rates and an increased stress intensity level is required for the onset of HCF
growth (Byrne et al., 2003). It was concluded that HCF crack growth could be

suppressed by increasing the magnitude of LCF overload.

A few studies investigated the fatigue behaviour of FODed materials under
LCF+HCEF loading conditions. Oakley and Nowell (2007) introduced an elastic short-
crack arrest approach to estimate the fatigue life of Ti-6Al-4V blade-like specimens
subjected to FOD under combined high- and low-cycle fatigue loading conditions.
The studies of (Ruschau et al., 1999a; 1999b; Ding et al., 2007a; 2007b; Hall et al.,
2008) focused on the fatigue crack growth behaviour due to FOD. Ding et al. (2007a;
2007b) found, for combined LCF+HCF loading, no onset point AKonset for the fast
crack growth but overall higher FCG rates for LCF+HCF loading conditions
compared with those under LCF loading. It was concluded that HCF cycles
contribute to crack growth from the very beginning, suggesting the disappearance of
AKonset. Ruschau et al. (1999a; 1999b) investigated the combined loading behaviour of
FODed aerofoil shaped LSPed specimens and found that under high compressive
residual stresses the FCG behaviour is dominated by HCF at high stress ratios.
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2.3 Foreign Object Damage (FOD)

One of the earliest studies conducted on the effect of FOD on fatigue was in 1956 by
Kaufman and Meyer (1956). The type and location of impact damage were studied
by simulating FOD on the first stage compressor blades and fatigue testing of these
blades until failure. The most detrimental region in terms of the reduction in fatigue
resistance was found at 30% of the span from the base of the aerofoil, in the area
where maximum vibratory stresses occurred. Away from this critical area, there was
little reduction of fatigue life. Notch damage, even of smaller sizes, was observed to
be more detrimental than that caused by dents. The subsequent study of Kaufman
(1958) investigated the fatigue strength of reworked blades, where the FOD damage
was simulated on compressor blades with a pendulum perpendicular to the edge of
the specimen, forming small V-notches. The blades were made of stainless steel and
the suggested process to rework blades showed restorable effects on the fatigue
strength. Spakowski (1957) investigated blades using a rapid emission spectroscopic
method to identify the type and properties of the objects ingested into the turbine.
The analysis found 14 elements and classified these for aluminium and stainless steel

blades.

Until the 1980 there was little research carried out in the area of FOD. The study of
Nicholas et al. (1980) was the first to investigate the impact damage on leading edges
of titanium alloy in relation to impact speed, firing small spheres over a range of
velocities of 120 to 490m/s. A relation between the impact speed and the impact
damage was found, and after subsequent fatigue tests the damage due to different
speeds was correlated to its effect on fatigue life reduction. Further, it was
demonstrated that a stationary blade was sufficient to simulate FOD damage, and

this provided a good basic principle to study the influence of FOD on blades.

The Engine Structural Integrity Program (ENSIP, 1999) was initiated in 1984 by the
U.S. Air Force (USAF) and aimed to adopt a damage tolerant approach in new
design of critical components. Extensive experimental investigations for different
titanium alloys were carried out under LCF conditions providing a database for

damage tolerant design of gas turbine engine components. Similar data were
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obtained under HCF conditions in this program, but have been recognised later in
the 1990 as being inadequate in the presence of FOD to predict HCF strength of
airfoils (Cowles, 1996; Nicholas, 1999).

In 1994, the USAF initiated the “National High Cycle Fatigue Science and
Technology Program”. The program focused on the capability of titanium and
nickel-base alloys for propulsion systems to withstand HCF after being subjected to
initial and service induced damage such as high and low cycle fatigue interactions,
foreign object damage and fretting fatigue. Cowles (1996) and Larson et al. (1996)
reviewed the current industrial methodologies to design for HCF within aero
engines, and accounted reduced HCF capability due to critically located FOD, and

much research was necessary to understand how FOD affects HCF failures.

Field surveys were carried out to evaluate the characteristics of FOD damage.
Typical FOD damage was found to consist of dents, tears and notches at the leading
edge of the aerofoil blades with sizes in a range from 0.05mm up to 13mm with an
average depth of approximately 1.5mm (RTO, 2005). Pratt & Whitney and the USAF
determined, in an extensive field study of FOD damage (Haake et al., 1989; Larson et
al., 1996), a typical FOD geometry by measuring the FOD-root radii and correlating
it to the number of occurrence. Together with the notch depth an average elastic
stress concentration factor K; of about 4 was determined, but maximum values of K

up to 10 were seen for more severe FOD notches.

During the USAF's HCF program, five practicable methods for imparting damage
under laboratory conditions were identified, listed in perceived order of increasing
difficulty, these are: Notch-machining, shear chisel application, quasi-static
indentation, solenoid gun usage, and light gas gun impact. The methods for
simulation FOD damage differ from each other in terms of controlling notch
parameters such as geometry and notch depth, introduction of residual stresses,
changes in microstructure, impact induced cracking, and resistance of a given blade
design. Specifications of the particular simulation methods can be found in (RTO,

2005; Nicholas, 2006).
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Several studies of the Lambda Research (Cincinnati) (e.g. Prevey et al., 2001; 2002;
2003; 2004a; 2004b; Jayaraman et al., 2005) simulated FOD by electrical discharge
machining. The machined V-notch was chosen as a reproducible simulation of the
FOD notch. Major differences between machining and the impact event are the
different residual stresses introduced, lack of change in the microstructure of the

material and lack of impact-induced cracking.

Shear chisel, quasi-static indentation, and solenoid gun are quick and affordable
methods for simulating FOD which also produce significant residual stresses unlike
machining, but the amount of stress and cold work are very different from those
created by in-service FOD (RTO, 2005). In addition, material removal can be caused
by the dynamics of this impact method. These characteristics are closer to in-service

FOD damage than the notch produced by machining.

Ballistic impacts from a projectile fired with a light gas gun were found to be the
most accurate method for simulating in-service FOD. However, special expertise is
required to produce and control damage parameters. Impact projectiles, such as
spheres and cubes, and their impact velocities can be adjusted to investigate a
specific damage type. Ballistic simulated FOD damage typically involves enough
variation in nominally identical damage sites to affect post-damage mechanical
testing. Gas guns are expensive to operate and damage generation is very time
consuming, but the FOD sites created are the closest to real FOD damage than those
created by any other simulation methods. Boyce et al. (2001) and Ruschau et al.
(2003) found that low strain rates quasi-static indentation resulted in different
fatigue results compared to specimens ballistically indented. They concluded that
the residual stresses introduced by quasi-static indentation and ballistic impact are
different. Thus limits the quasi-static indention method for the purpose of

simulating FOD.

Most of the published research studies on FOD have used a gas gun to create FOD
damage with spherical shaped projectiles such as glass beads (Thompson et al., 2001;
Martinez at al., 2002; Ruschau et al., 2001) or steel pallets (e.g. Nicholas et al., 1980;
Peters and Ritchie, 2000; Bache et al., 2002; 2003). The glass beads should simulate
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the effects of shattering or chipping of stones upon impact. Spherical projectiles
result in rounded indents. Recent studies considered sharp V-notches and tears as
more detrimental than rounded damage due to the higher stress concentration (Ky),
and these are considered more representative of the worst-case of FOD in-service.
Early studies on V-notches were carried out by Kaufman (1958) using a chisel-tip
attached to a pendulum. Following this approach more work was carried out at
Oxford University (Nowell et al., 2003a; 2003b; Oakley and Nowell, 2007; Duo et al.,
2007) and at the University of Portsmouth (Ding et al., 2007a; 2007b; Hall et al., 2008)
by using a gas gun to fire hardened steel cubes as projectiles. This latter method of

simulating FOD damage was the method used in the present study.

2.4 Effects of FOD on fatigue behaviour

Crack initiation due to FOD was investigated in numerous studies and it seems to
depend on damage features associated with the impact method, projectile shape and
impact velocity. Nicholas et al. (1980) investigated the impact damage on leading
edges in relation to impact speed, using small spheres over a range of velocities of
120 to 490m/s. With increasing impact velocity, the impact produced a dent, a dent
including a sharp tear or a perforation. A dent including a sharp notch was found to
be most detrimental on fatigue life. Thompson et al. (2001) observed similar results
that irregular shaped notches as a result of tears and material removal were most
detrimental to fatigue life. For double-edged specimens with a dent and tear on one
edge, and a notch on the other from spherical ballistic impacts, Bache et al. (2002;
2003) and Martinez et al. (2002) found that the crack typically started at the root of
the notch, specifically at the root of the larger notch. Similarly, Ruschau et al. (2001)
observed, for two nominally identical notches, the marginally deeper notch initiates

a crack earlier.

For 30° angled spherical ballistic impacts on specimens with tapered edges, Ruschau
et al. (2001) observed that fatigue cracks often initiate at impact-induced tears at the

edge of the notch, rather than at the notch root. However, Martinez et al. (2002)
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found that for 30° impacts, although surface damage features produced sharp edges
and micro-folds, sites favourable for crack initiation, cracks initiated near the centre

of the notch nevertheless.

Meyers and Pak (1985) observed the formation of shear-bands produced by the
impact of a projectile on titanium. Adiabatic shear-bands (ASB)*! were formed
during the high rate deformation, effectively melting and re-solidifying the metal
and resulting in a different grain structure. It was showed that shear-bands involve
high density of dislocations and deformation twins. Murr et al. (2009) analysed ASB
in Ti-6Al-4V by microindentation and transmission electron microscopy (TEM), and
found that the length of ASB increased with the increase of the impact velocity,
together with cracks nucleating and propagating within these ABSs. Birkbeck et al.
(2002) also observed that, for 0° and 30° FOD impacts on tapered specimens, shear-
bands were responsible for the initiation of the fatigue failures. Contrary to the
above, Roder et al. (1999), Peters et al. (2000) and Martinez et al. (2002) found that the
fatigue cracks did not initiate from the shear-bands. They proposed that the lack of
influence of the shear-bands on crack initiation was due to the parallel orientation of
these bands with the loading direction. Ruschau et al. (2001) observed shear-bands
formed parallel to the impact damage (ballistic spherical damage) and found crack-
like features formed along these shear-bands; but noted that these features were
orientated parallel to the applied loading and therefore had little influence on crack
initiation.

Ritchie et al. (1999a; 1999b) investigated crack initiation in relation to impact velocity
by fatigue testing rectangular gauge sectioned tensile specimens subjected to
spherical ballistic impacts of 0°. For samples impacted at 200m/s cracks initiated
near the bottom of the crater; while for samples impacted at 300m/s crack initiation
occurred at the crater rim. The studies of Roder et al. (1999), Peters and Ritchie (2000)
and Peters et al. (2000) showed that higher velocities introduce tensile residual
stresses at the crater rim which promotes cack initiation; while crack initiation for

lower velocities is driven by the notch concentration effect. Subsequent

21 The term ‘adiabatic” indicates that the formation of the shear bands is so rapid that there is no heat
exchanged.
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investigations by Peters et al. (2002) and Peters and Ritchie (2000; 2001a; 2001b) also
showed crack initiation at the crater rim, away from the impact indentation for low
applied stress ranges. Chen and Hutchinson (2001; 2002) validated these preferred
fatigue crack initiation sites by using the finite element method to simulate the
impact, and found tensile stresses at regions around the crater rim, at the base of the

notch and below the surface of the notch.

Studies using a cubical projectile within a gas gun to simulate FOD on tapered
specimens were carried out by Nowell et al. (2003a; 2003b) and Hall et al. (2008),
who reported that all specimens failed by propagation of a fatigue crack from the
impact damage site. Ding et al. (2007a; 2007b) also investigated V-notches on plate
specimens and described the characteristics associated with FOD damage were the
appearance of folds, small sharp notches and small cracks in the FOD notch. The
microcracks formed as a result of impact were found to be preferred sites for
subsequent crack propagation. Multi-crack initiation sites at the root of the FOD
indent were observed. Hall et al. (2008) found, by comparing specimens with and
without stress relief, that the compressive residual stresses at the bottom of the

indent inhibit crack propagation from that region.

Typical angles of incidence between the ingested particle and a rotating blade in an
aero engine are dependent on radial location, rotational speed and the forward
velocity of the engine, ranging between 0° and 60° (Nicholas, 2006). Ritchie et al.
(1999a; 1999b) found, for 0° impacts by small spheres against a flat surface, fatigue
life was reduced by many magnitudes compared to un-impacted samples. Computer
simulations of this case by Chen and Hutchinson (2001) predicted deficits up to 60%.
Ruschau et al. (2001) investigated spherical 0° impacts on specimen edges, found
fatigue strength reduction between 10 and 40%. Considering different impact angles
for spherical ballistic impacts, Ruschau et al. (2001; 2003) and Martinez et al. (2002)
found the greatest loss in fatigue strength at an impact angle of 30°, in contrast to
little reduction in fatigue life for 0° impacts. Ruschau et al. (2001) showed that, for
specimens with two different leading edge (LE) radii (0.127mm and 0.38mm), the

fatigue strengths were similar for both specimens despite deeper impact damage
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occurred in the thinner leading edge. Martinez et al. (2002), however, observed

higher fatigue strength for specimens with smaller LE radius.

For cubical ballistic impacts, Nowell et al. (2003a) investigated the effects of impact
angle on the fatigue strength, considering 20, 50 and 80 degrees. Higher fatigue
strength was recorded for 20° impacts compared to that obtained following 50° and
80° impacts. It was argued that 20° impacts were closer to head-on (0°) therefore
compressive stresses were more likely to be introduced behind the notch. The same
study investigated the influence of the leading edge geometry on fatigue strength by
using LE radii of 0.25, 0.51 and 0.89mm. Little difference between the results for the
two smaller radii was noted. A high scatter band for the larger radius was observed,

partly due to the difficulties in measuring the notch depth.

The residual stresses due to FOD impacts also affect the fatigue behaviour.
Comparing two sets of specimens (spherical ballistic impact 30° on a tapered edge),
Thompson et al. (2001) found that the stress relieved specimens showed higher
fatigue strength than that in the as-FODed specimens, indicating that residual
stresses due to the FOD impact contribute to reduce the fatigue strength. Ruschau et
al. (2003) and Nicholas et al. (2003), however, found for similar specimens and
impact conditions, reduced fatigue life for stress-relieved specimens, indicating

probably the beneficial effect of compressive residual stresses.

Nowell et al. (2003b), Duo et al. (2007) and Hall et al. (2008) studied ballistic cubical
impacts on blade-like specimens and found by finite element simulation a zone of
residual compression ahead of the FOD notch, with a depth of about 100pm. It was
concluded that a crack growing away from the notch would experience a
compressive residual stress field in the region where crack arrest may take place.
Ding et al. (2007a) also studied V-notches (cubical ballistic impacts) and observed
qualitative differences in crack shape and fatigue lives for stress relieved specimens
compared to as-FODed specimens, indicating that both geometry and residual stress
play an important role in the fatigue behaviour and must be considered in the
prediction of fatigue crack growth. Ding et al. (2007b) simulated the FOD impact by

finite element analysis and found compressive residual stresses below the bottom of
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the impact site and tensile immediately outside the damage rim. Hall et al. (2008)
investigated ballistic cubical 0° FOD impacts and recorded for the same loading
conditions a much lower fatigue life of the stress relieved FOD specimen compared
to the unrelieved FOD specimens, concluding that residual compressive stresses,
predominantly at the bottom of the FOD indent, inhibit crack propagation from that
region. Further, the stress intensity factor was modified considering residual stresses
and correlated with the FCG rates. Significant differences in the early crack growth
behaviour were observed between the as-FODed and the stress relieved specimens.
For all loading conditions (LCF, HCF, LCF+HCF) reduced values of AK, together
with delayed early crack growth due to the presence of compressive residual
stresses, were observed. Similar crack growth rates and K values were recorded for
stress relieved and as FODed specimens away from the influence of the FOD. The
fatigue lives under LCF+HCF loading condition was shorter than those under LCF

or HCF loading conditions.

Oakley and Nowell (2007) considered the influence of residual stresses near the root
of the FOD V-notch on the R-ratio, and found that the predicted fatigue strength
underestimated the experimental results when residual stresses were not taken into
account. It was argued that for high-applied R-ratios, residual compressive stresses
merely modify the local R-ratio of a propagating crack and have relatively little
effect on the crack driving force; whereas for low applied R-ratio, the crack driving
force K will be reduced due to the compressive residual stresses. The calculated
effective R ratio (residual stress corrected) was calculated for each crack length and
the values decreased from a nominal R-ratio of 0.8 to 0. Similarly, Mall et al. (2001)
simulated a quasi-static indentation by using the FE method and obtained a residual
stress distribution. By calculating the local R-ratio it was found that tensile stresses
near the damage site increased the applied R-ratios from R=0.1 and 0.5 to between

R=0.71 and 0.77.

However, during subsequent fatigue loading post FOD, Boyce et al. (2003) reported
that the initial residual stresses associated with FOD might not sustain due to stress
relaxation. After Holzapfel et al. (1998), relaxation occurs when the sum of the load

and the residual stress exceeds the yield stress of the material. The magnitude of
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residual stress relaxation is dependent on the applied load level and FOD-induced
stress concentration. Relaxation is associated with the re-ordering of dislocations and
the occurrence of cyclic softening and can further increase upon the formation and
growth of a fatigue crack due to the stress concentration effect?2. Boyce et al. (2003)
observed, for spherical FOD impacts on Ti-6Al-4V, little residual stress relaxation at
an applied stress of 0.350y, Oy is the yield stress; while significant stress relaxation
occurred at 0.540y. Peters et al. (2000) noted a considerable amount of residual stress
relaxation at the base of a ballistic spherical FOD impact during the first few fatigue
load cycles. Boyce et al. (2001) found a 40% reduction of residual stresses caused by a

quasi-static indentation after the first cycle.

2.5 Laser Shock Peening and its effects on fatigue behaviour

The principal of a pulsed laser beam to generate shock waves was first recognised
and explored in the early 1960's. Laser shock peening (LSP) was invented in the
1970's as a method to enhance fatigue properties of metals (Monstross et al., 2002;
Zhang, 2009b). Until now, the technique has not been used in production on

commercial parts for leading edges.

The process of laser shock peeing is shown in Figure 2-1 and the following
description of the process is based on (Monstross et al., 2002). A high-energy laser
pulse (1-100]) passes through the transparent overlay (water), vaporizes an
absorbing layer (black paint), and rapidly forms a plasma that absorbs the rest of the
laser pulse. The hydrodynamic expansion of the plasma creates a short duration
pressure pulse with high amplitude, which propagates partly as a shockwave
through the work piece. When the pressure of the shockwave exceeds the yield
strength of the material, plastic deformation occurs, resulting in residual
compressive stresses below the surface. This deep level of residual stresses up to
Imm is much greater than that achievable with shot peening (Monstross, 2002;

Ruschau et al., 1999a; 1999b), and it provides a barrier to crack initiation and crack

22 Residual stress relaxation is further discussed in Chapter 2.5.
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growth and a damage tolerance in situations of corrosion, fretting or FOD.
Processing parameters such as laser power + power density = spot size, pulse
duration, absorbent coating, transparent overlay and multiple laser shocks
(overlapping) are adjustable to meet the goals in performance, cost and efficiency

(Monstross et al., 2002; Liu, 2008).

Pressure Wave

High
Pressure
Plasma

Inertial Tamping
| 4 Layer (water)

Ablative Layer
(paint or tape) (paint or tape)

Inertial Tamping

( “ Layer (water)
Ablative Layer

Figure 2-1 Laser shock peening process (after Luong and Hill, 2008; 2010).

Residual stress refers to a stress distribution which is present in an unloaded
component or structure. The structure contains a balance of tensile and compressive
residual stress within the body to remain in equilibrium. The occurrence and
magnitude of the stress are a function of the component size and the process
parameters used. The X-ray diffraction technique is a non-destructive method for
determining residual stresses and is capable of high spatial resolution (Prevey, 1990).
This evaluation method is commonly used to determine residual surface stresses
present in a material and is considered to be the most accurate and best developed
technique for this application (Prevey, 1990; Cheong et al 2004; Greenacre et al.,
2005). X-ray diffraction measurements were carried out by our project partner, the
University of Manchester. Several studies used the x-ray diffraction method to map
the residual stresses involved with a FOD impact and comparison with FE simulated
FOD residual stress distributions. Boyce et al. (2001; 2003) found a good correlation

between the two techniques for indentation by a sphere on a flat surface; whereas
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Frankel et al. (2006) and Duo et al. (2007) mapped residual stresses around the

vicinity of V-notches of cubical impacts.

The residual stresses introduced by LSP have a significant influence on the material
properties, crack initiation and fatigue behaviour. Nalla et al. (2003) and Zhang et al.
(2009b) investigated the microstrucure of LSPed Ti-6Al-4V by nanoindentation and
found that LSP increased the hardness at the surface up to 15% for a single shot and
24% for two successive laser shocks. Possible improvement of fracture toughness
was also assumed. Ruschau et al. (1999a; 1999b) showed that LSP caused
microstructural changes at the sub-grain level in Ti-6Al-4V. A very high dislocation
density within the grains of the LSP treated region, compared to an extremely low
dislocation density outside the LSP region, was also found. Swalla and Neu (2006)
used the electron backscatter diffraction (EBSD) technique to quantify the evolution
of strain-induced microstructural changes due to deformation in the near-surface
layers in LSPed Ti-6Al-4V, and found shifted misorientation angles due to large
plastic deformation. These areas were referred to as micro-texture and were found to

be susceptible for crack nucleation (Swalla and Neu, 2006).

Almer et al (2000) used X-ray diffraction and FE analysis to predict fatigue crack
initiation in the presence of residual stresses, and observed that multiple crack
initiation occurred at sites where the compressive residual stresses were found to be
small. Multiple cracks initiated near the notch and linked-up to form the main
fatigue crack responsible for failure. Liu (2008) investigated fatigue of LSPed
aluminium AA7050 specimens and noted that, generally, fatigue cracks initiated at
subsurface locations, but also sporadically occurred at the surface from machining
marks. Greenacre et al. (2005) studied the crack initiation behaviour of LSPed
materials and found that crack initiation depended on the applied stress. Crack
initiation usually takes place near surface for high mean stresses; whereas subsurface
crack initiation occurs at low mean stresses. Liu (2008) also noted that, for internal
cracked fracture surfaces of LSPed Al specimens, the fracture profile was markedly
'stepped’' as a result of at least two connected fatigue fracture planes, indicating

multiple crack initiation and link-up of these cracks.
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The substantial fatigue resistance improvement resulting from surface treatments?3
such as LSP is attributed to the high levels of compressive residual stresses, which
reduce the mean stress in a fatigue cycle (McClung, 2006). The mean stress has a
significant influence on fatigue crack growth, and a higher level of mean stress
generally produces higher crack growth rates (James et al., 2004). The effective stress
intensity factor that controls the fatigue crack growth in LSPed specimens may be
lower than the unpeened condition and may result in a reduction in the crack
propagation rates (Ruschau et al.,, 1999a; 1999b; Hatamleh, 2009). In addition,
compressive residual stresses increase the fatigue crack closure effects primarily by
plasticity-induced crack closure, decreasing the applied stress intensity and reducing
the crack growth rates, as discussed in the previous Chapter 2.1 (Elber, 1970;
Hatamleh, 2009; Ruschau et al., 1999a; 1999b; Beghini et al., 1994; Nelson, 1982).

Various studies on Al alloy showed the beneficial effects of LSP on fatigue crack
growth and fatigue life. Peyre et al. (1996) investigated HCF behaviour of different
Al alloys and observed an enhanced fatigue performance of LSPed materials
compared to SPed materials, and the fatigue performance improvements mainly
occurred during the crack initiation stage. Luong and Hill (2008; 2010) quantified the
enhanced fatigue life of LSPed Al specimens by a factor of 5.6 and a fatigue strength
improvement at 105 by 38% compared to as machined samples. Rubio-Gonzalez et
al. (2004) compared fatigue crack growth data under R=0.1 for Al specimens with
and without LSP, and found reduced fatigue crack growth rates and increased
fracture toughness for LSPed specimens. Further, Rubio-Gonzalez et al. (2011)
observed reduced fatigue crack growth for LSPed 2205 duplex stainless steel, but no
effects of the LSP on the microstructure or micro-hardness. Liu (2008) also studied
LSPed Al alloy, and recorded a 3-4 times increased fatigue life compared to as-
machined specimens. Investigations of different applied stress levels revealed that

the beneficial effects of compressive residual stresses induced by LSP are more

23 Surface treatments including glass bead peening (GBP) (e.g. Reed and Viens, 1960; Dorr and
Wagner, 1999), deep rolling (DR) (e.g. Nalla et al., 2003), shot peening (SP) (e.g. Wagner, 1999) and
low plasticity burnishing (LPB) (e.g. Prevey et al.,, 2001) vary in their specific mechanics and
mechanism but share the common characteristic that localised plastic deformation of arbitrary
engineering surfaces is used to induce compressive residual stresses near the surfaces.
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significant at a lower maximum applied stress (Ruschau et al., 1999a; 1999b). LSP is
more effective in delaying crack growth and enhancing fatigue life at low applied
stress and less effective at higher applied stresses because the deformation during
the applied load may overcome the compressive residual stresses (Liu, 2008).
However, it was shown that the fatigue life was reduced if the laser power density
was too high, due to the formation of internal cracking and surface damage caused

by the laser shock wave (Liu, 2008).

A research group at Lambda Research (Cincinnati) (Prevey et al., 2001; 2002; 2003;
2004a; 2004b; Jayaraman et al., 2005) studied the effects of low plasticity burnishing
(LPB, similar to LSP) on FOD tolerance benefits in Ti-6Al-4V blade and vane edged
specimens under HCF conditions. Electrical discharging machined (EDM) V-notches
were used and significantly enhanced fatigue performance was noted. In the HCF
regime a tenfold damage tolerance increase was obtained (from 0.05mm to at least
0.5mm), together with doubled fatigue strength recorded from LPBed vanes
compared to untreated ones. In the LCF regime, under low R ratios (R=0.1 and R=-

1), even higher FOD damage tolerance (up to 1.5mm) was observed.

Ruschau et al. (1999a; 1999b) investigated the crack growth behaviour of notched,
LSPed Ti-6Al-4V aerofoil specimens under low (R=0.1) and high (R=0.8) load ratios.
Delayed FCG rates were recorded when the cyclic stress was below the residual
stress field created by the LSP process. For HCF conditions (R=0.8) little
improvement in FCGR was found; whereas for LCF conditions (R=0.1) significant
improvement in crack growth rates, nearly three orders in magnitude slower for the
LSPed material compared to untreated material, was observed. It was noted that
differences in the crack behaviour due to LSP could be accounted for by using
closure models to achieve a closure corrected effective stress intensity range. Nalla et
al. (2003) compared fatigue results of LSPed and deep rolled (DR) Ti-6Al-4V to
untreated material and found that both surface treatments lower the plastic strain
amplitude throughout the majority of the lifetime, resulting in an enhanced fatigue
life. Hardness tests showed a significantly higher work hardening near the surface of

DR materials compared to LSPed materials. Further, considerably less residual stress
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relaxation due to fatigue cycle for LSPed materials was recorded compared to DR

materials, especially at room temperature.

For cyclic bending, Voehringer et al. (1984) found only limited residual stress
relaxation during continued fatigue after the first cycle for shot peened specimens.
Prevey et al. (2004a; 2004b) observed mild relaxation between 10 and 30% of the
residual stresses due to LPB after two fully reversed stress amplitudes. Cheong et al.
(2004) carried out LCF tests at R=0.05 on disk bore featured specimens of Ti-6Al-4V,
observed about 20% reduction in surface residual stresses from shot peening (SP),
and little or no change in LPB-induced residual stresses, even the latter were initially

about one third of those generated by SP.

Generally, residual stress relaxation can occur even when the applied mechanical
loads do not cause any macroscopic plastic deformation. Residual stress relaxation is
more pronounced under large cyclic stresses or strains. Relaxation is negligible at the
lowest and extensive at the highest fatigue stress amplitudes (McClung, 2006).
Several studies found that, under reversed bending fatigue, significant relaxation of
the compressive surface residuals stresses after the first cycle, followed by a more
gradual relaxation with subsequent cycles (Taira and Murakami, 1960; Wick et al.,
2000). The large change in the first cycle is apparently due to the static effect, when
the superposition of residual stress and applied stress of the same sign exceed the
yield condition (Holzapfel et al., 1998). Subsequent relaxation often decreases
linearly with the logarithm of the cycles during this second stage of relaxation
(McClung, 2006). The rate and extent of cyclic relaxation were observed to depend
on various parameters, including peening intensity and coverage (Torres and
Voorwald, 2002), peening temperature (Wick et al., 2000), the original hardness of
the material (Torres and Voorwald, 2002), and the loading type (McClung, 2006). The
most common model to predict cyclic relaxation of peened materials is the linearly
decrease with the logarithm of fatigue cycles after the initial relaxation (e.g.
Holzapfel et al., 1998; Bergstreom and Ericsson, 1986). Lu et al. (1988) developed a
finite element model based on simplified inelastic analysis, employing a group of
internal parameters that characterise local inelastic mechanism to predict the

relaxation of residual stresses. Relaxation due to thermal effects is not considered in
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this thesis, as all experiments were carried out under ambient temperature. An
excellent overview about thermal residual stress relaxation is presented by McClung

(2006).

2.6 The effects of residual stress on SIF

When a cyclic load is applied to a part with residual stresses present, a superposition
of the residual stresses with the applied stress normally applies (Nelson, 1982). The
stress amplitude will not change as the residual stress affects the maximum and
minimum stress at the same time. The mean stress will change according to the
nature of the residual stress. If the residual stress is compressive, the mean stress will
be reduced which is favourable for fatigue life enhancement and vice versa for
tensile residual stress. The evaluation of the crack tip stress intensity factor (SIF)
must consider the influence of residual stresses in these cases for damage tolerance
analysis. A residual SIF (Kyes) is required to estimate the fatigue crack growth rates
and the fatigue life. If the crack is subjected to a residual (Kres) and an applied (Kapp)
stress intensity factor, the resultant or effective SIF (Keff) can be calculated as the sum

of the SIF given by the two types of SIF:

Keff = Kapp + Kies (2-6)

Evaluation of a SIF in a residual stress field has been approached by using the
weight function method (e.g. Bao et al., 2010; Pouget and Reynolds, 2008), modified
J-integral (e.g. Lei et al., 2000; Servetti and Zhang, 2009) or crack compliance method
(e.g. Schindler et al., 1997; Prime, 1999). The latter method was proposed by Elber
(1971) and is based on the crack closure concept (Nelson, 1982). The use of the
weight function method (WFM) in fracture mechanics was first proposed by
Bueckner (1970) and successively generalised by Rice (1972). For application of the
WEM the knowledge of the stresses acting in the uncracked body is required.

Therefore the redistribution produced by the crack needs not to be considered and
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calculations can be based on residual stress fields measured for the uncracked body
(Beghini et al, 1997). Hence, the WFM allows calculating the SIF due to
superposition of residual stresses with stresses due to external load, also including

the effects of possible crack closure phenomena (Beghini et al., 1997).

Due to the availability of an experimentally measured residual stress field, the
application of the weight function and the finite element method to modify the
effective crack driving force appears to be particularly suitable for this study.
Considering a 2D body with an edge crack and under Mode I loading, the SIF can be

calculated as

K e = | 07e(¥) e M(x,2)d (2-7)

where m(x,a) is the weight function, depending on the cracked body geometry, and
Ores is the nominal residual stress distribution. Standard solutions for weight
functions are provided in the literature (Wu and Carlsson, 1991; Tada et al., 1973); or
can be obtained by numerical techniques, but the latter involves high computational
effort (Beghini et al., 1997). Once the residual maximum and minimum SIFs are

calculated, an effective SIF range and R-ratio (AKef;, Ref) can be calculated.

The weight function was successfully used to modify Ket and to calculate Kyes
considering residual stresses from welding (e.g. Bao et al, 2010; Pouget and
Reynolds, 2008) as well as for residual stresses for welding+laser shock peening (e.g.
Hatamleh et al., 2009) and for LSPed material (e.g. Reji et al., 2001; Ren et al., 2009;
Zhang et al., 2009a). However, this approach has not been used so far to modify a
SIF considering residual stresses due to FOD impacts alone or in combination with a
surface treatment. Oakley and Nowell (2007) modified the SIF at the notch tip of a
FOD notch using the dislocation density method and added it to the applied SIF
using the principle of superposition. Hall et al. (2008) modified the SIF considering
residual stresses resulting from a FOD impact by using the finite element method.

The latter method will be explained in the next chapter.

31



Chapter 2 Literature review

2.7 Finite element analysis in Fracture Mechanics

The analysis of fatigue crack driving force using the linear elastic fracture mechanics
(LEFM) theory is based on the stress intensity factor or the elastic J-integral. Under
Mode I loading conditions, the J-integral can be correlated to Ki. The FE method has
been used to modify SIF in welded components, considering the residual stresses
(Liljedahl et al., 2010; Servetti and Zhang, 2009; Bao et al., 2010), and FOD only (Hall
et al., 2008). Hall et al (2008) introduced the longitudinal residual stress component
along the crack path in a FE model to obtain the effective SIF and correlated fatigue

crack growth data with the corrected SIF considering the residual stress due to FOD.

This study utilises results from the previous studies and incorporates the residual
stresses caused by both LSP and FOD in the estimation of SIF. The finite element
code ABAQUS was used. Initial stress facility in the ABAQUS code is one method
that is able to apply residual stresses as an initial condition prior to the analysis. This
technique was used to modify a J-integral (Lei et al., 2000; Servetti and Zhang, 2009).
The initial stress can be applied by defining the relevant stress components at each
integration point of the model. These stresses must be self-equilibrating, which
usually requires an equilibrium step after the residual stress is applied. Cook et al
(2002) used the principle of superposition to apply the residual stress on the surface
of a crack face by using ABAQUS DLOAD subroutine. Using this method the

residual stresses do not need to be balanced.
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