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ABSTRACT

Fatigue crack growth rate is an important factor for the life assessment of engineering
components and structures. Various surface treatment techniques have previously been
developed and employed in industrial applications to extend the fatigue life of
engineering structures by implementing compressive residual stresses on material
surfaces. Residual stresses can decelerate or accelerate fatigue crack growth in
engineering structures, depending on their distribution profiles (i.e. tension or
compression). In this thesis, the influence of partial surface peening on the fatigue crack
growth of a high strength steel (HSS) material has been investigated by performing
laboratory tests.

The effects of partial peening on the fatigue crack growth behaviour of Optim700QL

ferritic HSS have been experimentally investigated. Dog-bone shaped specimens were
tested under tension-tension fatigue load and specimens with semi-circular notches were
tested under 4-point bending conditions. An initial notch was machined in the middle-
width of all specimens to create a starter crack for fracture mechanics studies. Three
distinct extents of partial shot peening and cavitation shotless peening, with respect to
the crack tip and specimen symmetry line, were applied on the specimen geometry. The
finite element modelling (FEM) was used to first calculate the shape function, and then
the stress intensity factor (SIF), to develop a new model for 4-point bend specimen
geometry with the dimensions considered in this project, the solutions of which are not
available in the literature. Moreover, FEM was used to predict the stress concentration
factor (SCF) for a dog-bone specimen to avoid reaching plasticity at the crack tip in
load calculations for tension-tension tests. The fatigue crack growth results from the
partially peened specimens have been compared with those obtained from similar
specimen geometry but with no peening. The results show that the residual stress fields
formed ahead of the initial notch tip due to the peening process play a significant role in
the fatigue crack growth behaviour of the material, indicating that partial surface
peening can be used as an effective method to decrease the fatigue crack growth rate
under pure bending fatigue loading conditions, but is harmful under tension-tension
loading conditions.

Keywords: Fatigue, Shot peening, Cavitation shotless peening, High strength steel,
Surface defect, Residual stress
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1 INTRODUCTION

A material’s surface plays a significant role in the fatigue behaviour of engineering
components. Surfaces are commonly made to experience a number of different surface
treatment processes in order to achieve particular qualities otherwise unavailable from
the main manufacturing processes. The approach is implemented for a number of
different reasons, including enhanced materials performance, a change in physical
properties, altering dimensions, and varying appearance. A number of different
chemical, mechanical and thermal treatments have been developed to improve surface
characteristics. Furthermore, different treatment processes have been applied for a
number of different materials, ranging from semi-conductors to metal, bio, ceramics,
and nanomaterials [1]. The fatigue behaviour of the material may be seen to be directly
linked to the surface integrity created as a result of different surface treatment processes.
Importantly, surface integrity may be seen to encompass a number of different aspects,
including mechanical properties, metallurgical states, topography and other associated
property variations in the work material throughout the procedure or surface processing
[2]. Accordingly, surface integrity changes, particularly in regard to mechanical-related
applications, which are seen to have a key influence both on engineering components’

overall lifetime and on their fatigue strength.

A number of different mechanical treatment processes may be implemented for
improving an engineering component’s surface characteristics. Such treatments make
use of physical processes in an effort to establish the condition of the subsequent
surface. It is common for compressive stresses to be mechanically induced into ductile
metals, usually through localised plastic deformation, which is seen to take place inside
the outer surface. Moreover, it is common for those processes of mechanical surface
treatment available in the modern-day industry to be roughly broken down into cutting
and non-cutting methods [3]. Nonetheless, in cutting methods, key emphasis is placed
on the creation of a final product shape; on the other hand, achieving the very best
surface layer state is considered to be a secondary objective. However, non-cutting
methods are recognised as primarily focused on improving the surface layer, such as
peening. The peening process introduces a compressive residual stress on the material

surface which can lead to improving the fatigue life of the engineering component.



1.1 Motivation

The fatigue crack growth behaviour and residual stress existence in engineering
components are important for the fatigue life assessment of structures. The initiation
and propagation behaviour of fatigue cracks in metallic materials have been the focus of
much study, with fatigue and fracture mechanics analysis recognised as having
facilitated engineers in devising accurate fatigue life assessments and prediction
frameworks. Incorporating newly developed measurement approaches with theoretical
frameworks has enabled residual stresses, as caused by fabrication and manufacturing
processes, such as shot peening and welding, to be determined and investigated.
Moreover, combining residual stresses with fatigue and fracture mechanics analysis is
fundamental, and subsequently will result in more realistic life assessment frameworks.
Despite the fact that residual stress measurement in different elements has been a
common area of study for research, nonetheless, there remains a lack of data as to how
residual stress, induced by partial surface peening, affects behaviour in terms of the

fatigue crack growth rate of high strength ferritic steel.

Partial peening has advantages over entire surface peening as it is:

1. cost-effective,
2. aless time-consuming method, and

3. minimizes the negative effects of the peening process (i.e. erosion).

In the present work, the effect of a partial peening area on fatigue crack growth rate in
structural components is investigated under tension-tension and pure bending fatigue

loads.

1.2 Hypothesis

Most fatigue failures in engineering components occur due to surface cracks/defects and
the remaining lifetime strongly depends on the material’s resistance to surface crack
growth. Therefore, surface treatment prior to operation can potentially play a significant
role in the life extension and fatigue resistance of structural components. Knowing that,
the surface peening treatment effects on fatigue crack initiation and growth were
investigated by applying this surface treatment technique on the entire surface of the

engineering components. However, the influence of partial peening on subsequent



fatigue crack growth behaviour is yet to be investigated and compared with similar
specimen with no peening. Applying partial peening can be used to enhance the fatigue
performance of engineering structures at the construction stage or later as part of a
repair and maintenance strategy. By implementing partial surface peening ahead of
fatigue crack might lead to effectively retard the fatigue crack growth and improve the
fatigue life of engineering components. In the present study, partial peening areas were
introduced in high strength steel (HSS) specimens. High strength steels provide
advantages over conventional steels where the strength to weight ratio is important.
High strength steels with yield strength ranging from 500 to 700MPa are being
increasingly used in a wide range of applications from offshore and aerospace to the
power generation industry, involving production jack-ups with demanding

requirements.

1.3 Aim and objectives

The main aim of this work is to evaluate the effect of residual stresses induced by partial
surface peening on fatigue crack growth rates.

The main objectives of this work are outlined as follows:

1. To design a partially peened specimen by using shot peening and cavitation
shotless peening on which to conduct experimental fatigue tests under different
loading configurations (i.e. tension and bending fatigue load).

2. To characterise the residual stress distribution in the peening and surrounding
area.

3. To study the effect of partial shot peening on fatigue crack growth behaviour
under tension-tension fatigue load and compare the results with similar
specimens without peening under similar loading conditions.

4. To study the fatigue crack growth behaviour and fatigue crack evolution in
specimens that were partially peened by cavitation shotless peening under a 4-
point bending fatigue load and compare the results with similar specimens

without peening under similar conditions.



5. To calculate and understand the stress concentration factor (SCF) and shape
function (Y) using finite element simulations for the employed geometry for

which a general solution is not available in standards and text books.

1.4 Thesis methodology

In order to achieve the main aim of this work, by designing specimens to conduct
experimental fatigue test under different load conditions (i.e. tension and pure bend) of
fatigue load. Introduce a partial peening zone on the surface ahead of the crack tip on
different distances and mapping the through-thickness residual stress field created by
cavitation shotless peening and shot peening on HSS specimens. Monitor the fatigue
crack growth rates on similar specimens, it will be possible to separate the effects of
residual stress from any changes in mechanical properties induced by the peening

process, as shown in Figure 1-1.

Material selection and design specimens with partial peening on the surface
ahead of the crack tip on different distances to be tested under tension and pure
bending fatigue load

Measuring residual stress
distribution in partially peened
specimens and mapping through the
thickness of pure bend and tension
specimens by using suitable
measuring techniques

Investigate experimentally the Investigate experimentally the
influence of partial peening on crack influence of partial surface peening
shape evolution and fatigue crack on fatigue crack growth under

growth under pure bending fatigue tension fatigue load

Assessment of fatigue crack growth behaviour in partially peened material

Figure 1-1: Schematic diagram of the task of research work methodology



2 LITERATURE REVIEW AND BACKGROUND

2.1 Linear Elastic Fracture Mechanics (LEFM)

The LEFM approach is regarded as a flexible technique when seeking to assess and
determine the strength of a component or structure when facing flaw or crack presence.
In this method, the stress distribution located near to the tip of the crack is recognised
with regard to various parameters, including crack geometry, load, and material
property [4], with crack behaviour recognised as being affected by crack tip stress
fields. The application of the LEFM method in line with the growth of fatigue crack
encompasses the crack growth process, spanning the range from an identifiable crack
through to a final fracture. Accordingly, LEFM may be summarised as an approach
centred on identifying the growth of cracks in materials in line with the assumption that
material conditions are, in the main, linear elastic throughout the fatigue process, as
implied by the approach name. In the adoption of a more conventional design method,
when seeking to establish the material’s overall structural integrity, the anticipated
design stress and that of the material subjected are highlighted. In contrast, the LEFM
method is centred on three key factors, namely flaw size, fracture toughness or material

yield strength, and design stress [5].

In LEFM, the most important of the crack surface displacement modes, through which
there may be the extension of a crack, may be grouped into three different modes as

shown in Figure 2-1.

e Mode | is the opening mode, and is recognised as the most common, especially
in the fatigue failure (the applied load perpendicular to the crack plane).

e Mode Il is referred to as the sliding mode or in-plane shearing mode (the applied
load perpendicular to the crack front).

e Mode Ill is the anti-plane shear mode or the tearing mode (the applied load

parallel to the crack front).

The first of these is the most commonly occurring crack extension as a result of the

normal growth of the crack with regard to the maximum principal stress.
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Figure 2-1: Crack opening modes, Mode I, Mode Il and Mode 111

2.2 The SIF (Stress Intensity Factor)

When examining fracture mechanics, insight into the stress/strain factor in regard to a
crack tip is fundamental owing to the fact that crack behaviour is recognised as
governing the crack tip stress field. Importantly, in linear elastic materials, the crack tip
stresses are recognised as proportional to the remotely applied loading, with the only
length dimension recognised across all cracked geometries being that of the crack size
parameter, a. The link determined between SIF, K and the global conditions may be

noted as follows [4]:

K=f(o, «/5) Equation 2-1

This link in the stress field makes the assumption that no crack tip plasticity is apparent
or that the plasticity region is only minor when contrasted with the crack’s overall
dimensions and body. In the case of normal engineering applications, the SIF range is

commonly communicated as follows:

AK =YAoa Equation 2-2

where: AK is the intensity factor range for the corresponding applied stress range, Y
represents the geometry correction factor, Ac is the nominal applied stress range, a

represents the crack depth.



Notably, the SIF range is a function of the size of the crack, its shape and the applied
load, as can be seen in Equation 2-2. The geometry correction factor, which is also
referred to as the non-dimensional SIF or normalized SIF, Y, is dependent on the
component’s individual geometry, the crack geometry and the loading conditions.
Notably, as detailed in Equation 2-2, the applied stress and SIF are expressed in ranges
owing to the fact that, in the crack growth mechanism, growth occurs as a result of
cyclic stressing. The SIF has been recognised as having a key effect on the overall
growth of the fatigue crack [5], and that, when AK is constant, the growth rate of the

fatigue crack is continuous in a homogeneous material.

2.3 Growth Behaviour in Fatigue Crack

The stance of the LEFM approach is that, when a cyclic stress is applied to a material
with a particular R ratio, then, for the length of a crack, a, the factor for stress intensity

for Mode I crack growth may be provided with the following:

Kiax =Y O ¥ 7@ Equation 2-3
Koin =Y O in N 7@ Equation 2-4

where Y represents the dimensionless parameter that depends on the crack geometry and

the specimen. Accordingly, the applied SIF range may be detailed as follows:

AK=AK __ —AK . =Yoo _~ra-Yo,  Nra=YAc\ra Equation 2-5

The growth rate of fatigue crack in a specific material may be explained through the
commonly utilised Paris Law, where the rate of fatigue crack growth (FCG) is

proportional to the SIF range. Therefore, Paris law will be

g—z =C(YAc+za)" Equation 2-6

By rearranging Equation 2-6 to calculate the structure fatigue life (N)



_ da
C(AK)"

Equation 2-7

For the case Ac and Y are constant and by integrating Equation 2-7 will obtain

" % da
N, =|dn= — Equation 2-8
! ! a{ C(AK)

By substituting (AK) will obtain

]ﬁ 1 T da
ﬁ m m Equation 2-9

Figure 2-2 provides a schematic depiction of FCG behaviour, where the first region

communicates the stress intensity range below which there will be no appearance of

crack propagation. In Region Il, there is the linear growth of the crack with the applied

SIF range; once this reaches the critical SIF of the material, there is the occurrence of

crack propagation; this is quick and can be seen depicted in Region 111 [6][7].

The work of Paris & Erdogan [8] focused on the application of fracture mechanics in
relation to fatigue crack in a structure. This is the most widely implemented approach,
and is seen to draw a link between crack growth rate ( )and stress intensity range

(AK). For a crack with a length of a, for example, the equation may be expressed as

follows:
% =C(AK)" Equation 2-10
dN

Notably, m and C are seen to be material-specific constants, where m typically equals 3
for high strength ductile material, while for brittle material it varies (2~10). The
conclusion was drawn by Ritchie & Knott [9] that the exponent m was reliant on
fracture toughness, i.e. where lower fracture toughness (K,c) values are seen to induce

higher m values.



Importantly, the Paris equation is recognised as the most widely implemented when
seeking to provide a representation of growth data in relation to cracks. This is owing to
the fact that plotting a graph to display crack growth rate against stress intensity
amplitude commonly creates a sigmoidal-like response, with an almost linear section
expanding over a large proportion of the AK range of interest (as can be seen in Figure

2-2). Furthermore, the equation is recognised as easy to apply.
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Figure 2-2: A commonly derived sigmoidal profile pertaining to the growth data of a crack
when the growth rate (da/dN) is plotted against stress intensity amplitude (AK)[10]

2.4 The Effects of Material Properties and Microstructure

Material properties and microstructural characteristics, and the influence of such on
fatigue crack propagation, are recognised as a complicated issue, and therefore have
been afforded much academic attention over the years [11,12, 13, 14, 15]. However, a

comprehensive treatment regarding this subject area is beyond the scope of this work.



The propagation of fatigue crack is governed mainly by an elastic modulus, with
various other factors adopting a secondary role, to some extent. In this regard, it was
shown by Speidel [16] that, at intermediate AK ranges, da/dN may be normalized for
those materials with significantly differing moduli, notably by plotting against AK/E
(where E is Young’s Modulus). Various works have established an increase in the value

of AKy (where the crack growth is smaller than one atomic spacing per cycle, which is

considered as dormant) when there has been an increase in the value of yield stress o,

or ultimate stress o, [17,18]. Nonetheless, the majority of steels show a declining value

of AKy with an increase in the value of g, [19], with the most significant effect shown
as greater at higher mean stresses (R ratios). Accordingly, the somewhat provisional
conclusion is drawn [20] suggesting that, provided the alloy experiences cyclic
hardening or otherwise is viewed as cyclically stable, the value of da/dN will decline

with a greater yield stress.

2.4.1 Non-Metallic Inclusion Effects

Although there is evidence regarding the effect of non-metallic inclusions on the fatigue
cracks’ growth rate, much of this is conflicting. Inclusions have been recognised as
having only a somewhat minor influence at near threshold growth rates [16], with no
influence on AKy, in the case of medium-strength pearlitic steels [21] within a particular
range. One rationalisation provided in this regard has been provided, suggesting that the
inclusion spacing is more minor than the plastic zone size [18]. In this regard, it has also
been noted by Broek [21] that, at higher propagation rates, such particles have been seen
to induce small amounts of ductile fracture, with the scholar further emphasising that,
‘...in the absence of inclusions, the true fatigue crack propagation rate would be much
lower’. Furthermore, Wilson [22] states that MnS and Al,O3 inclusions removal from a

pressure-vessel steel would cause the propagation rate of fatigue crack to reduce further.

10



2.4.2 Grain Size Effect

A number of reviewers have drawn attention to the effect of grain size in relation to
propagation in fatigue crack [23, 24, 25, 26, 27, 28]. There is much consensus with
regard to the belief that, at intermediate crack growth rates, there is only a negligible
effect; near to threshold rates, however, it is held that a finer grain size is able to delay
the growth of the crack. In this regard, a theory centred on explaining the effect of grain
size on AK has been put forward by Kitsunai [29]. This has shown that the variation in
prior austenite grain size had little effect on the fatigue crack growth rate (FCGR) of
high strength steel at the mid-range of AK. At low (AK <30 kgmm'glz) and high (AK

-312

>30 kgmm™*) AK regions, however, the FCGR was increased as the grain size became

fine.

2.4.3 Environmental Effects

Engineering structures and components are commonly exposed to environments that are
far more abrasive than air, as well as facing those stresses and strains recognised in their
design. It is believed that these could facilitate the initiation and subsequent propagation
of crack instance. The most feasible attention is directed towards aqueous environments,
with the crack process in metallic materials assisted by the environment with regard to
corrosion fatigue and stress corrosion cracking. In the specific aqueous environment, the
process is governed and controlled by the rates of tip dissolution or hydrogen

embrittlement of the metal lattice ahead of the advancing crack [30, 31].

Crack processes that are notably affected by corrosion are a time-influenced
phenomenon governed by the relevant chemical reactions and the rates of such. This
generates an intermediate issue in garnering materials-related data for the validation of
the design life of the structure. In a practical measurement pertaining to the contribution
of corrosion to fatigue, any tests need to be completed at the frequency anticipated in
service, rather than at an accelerated rate, as is commonly permissible in a relatively
inert environment, as in air [32]. Furthermore, a notable effect will also be seen in the
case of cyclic wave shape, which governs the period of crack opening and crack tip

exposure in relation to the environment. The influence of the corrosion on the growth

11



rate of the crack will clearly demonstrate decline with the increased rate of growth in
the crack. Essentially, this is owing to the time-dependence of the corrosion process, as
well as whether or not the rate of penetration is slower or quicker than the growth rate
of the crack [33, 34, 35, 36, 37, 38].

2.5 Residual Stresses

Residual stresses may be defined is follows: stress exists in a component in the absence
of any external load. Should a structural component be strained to the point it exceeds
its yield point, the removal of the load would result in a residual strain remaining. Such
a component would be incompatible with neighbouring elements, and will demonstrate
elastic deformation with its neighbours until the point at which compatibility is secured.
This necessitates residual stresses to be self-equilibrating; in other words, that the
body’s forces and moments balance such that their sum is zero [39]. For example,
Figure 2-3 illustrates that the residual stress distribution through the thickness of a sheet
can exist without an external load. The tensile stresses in the central region balance the

compressive stresses at the surfaces.

Non-loaded Externally loaded Residual stress

i
B 111111 i W

e

Figure 2-3: Schematic diagram of the cross-section of a sheet showing how residual

stresses can exist in the absence of an external load [45]
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2.5.1 Residual Stresses Scale

Residual stresses have been defined in various works [40, 41, 42] as encompassing
three-dimensional (3-D) orders, as shown below:

oy =0’ + 0}, + 0y

where:

ol = [adA/ [ dA overall several grains (millimetres)

o'l = [adA /(J dA — ") over a microstructure unit (tens of micrometres)
o = g — ol — ¢! over a distance of a few atoms’ spacing

First-order residual stresses are commonly referred to as macrostresses, whereas

second- and third-order residual stresses are recognised as microstresses.

2.5.2 Residual Stress Origins

It is recognised that residual stresses become apparent in engineering processes
throughout most stages of processing, such as when there is joining, machining and heat
treatment, for example. Moreover, it is commonly assumed that such stresses have been
eradicated when there is further processing. The issue is far more complex when taking
into account macrostresses, which may develop differently in one region when
compared to another in the same component. Microstresses may occur on a microscopic
scale, i.e. grain to grain, such as that which is recognised between ferrite and carbide
phases in steels. Such residual stresses and their magnitude may be a notable fraction of
the material’s overall tensile strength. In a heat treatment process—notably one not
encompassing a crystal structural change, in which material experiences a significant
cooling cycle—the component’s interior and surface will contract at varying rates,
particularly across thicker aspects. This effect, when combined with a lower yield
strength linked with high temperatures, might be seen to induce permanent yielding or,
in other words, plastic flow. As a result of the significant rate of cooling, the surface
demonstrates rapid contraction, which is extended by the interior and vice versa. When
left to cool to room temperature, an extension in the surface regions will be identifiable,

relative to the interior, and, as a result, will be in compression. Figure 2-4 provides a

13



graphical explanation of this, with a residual compressive stress recognised as needing
to be overcome if cracks are to be initiated [43, 44].

‘ & Macrostresses Microstresses

N EEmE

Thermal stresses

- » —
‘_
7 e ®-1e)
&F - — > .
Cold hole expansion Loading stresses
" 0| | d | |
E:.T—._._:I ——— e
Bending Transformation stresses
Z a9 & R

Welding Intergranular stresses

Figure 2-4: Some examples of sources of residual stress [45]

2.5.3 Intentional Creation of Residual Stress in Enhancing Component

Performance

The use of residual stresses for fatigue performance enhancing can be directed towards
components and structures. The intentional creation of compressive residual stresses in
fatigue-prominent areas is a widely acknowledged approach to improving fatigue life.
Moreover, it is recognised that such an approach is advantageous in the sense of
increasing hardness, which could account for a notable improvement in fatigue life.
There are various techniques that may be applied in order to generate such beneficial

residual stresses.

Surface treatments, including ion-implantation, peening, nitriding rolling, and
carburising can all induce compressive surface residual stresses. All of these have been
recognised as effective in delaying fatigue crack initiation, with heat treatment also used
in a comparable way [46, 47, 48].
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A more significant and extreme approach to generating residual stresses, bearing in
mind the enhancing of fatigue performance, is through intentional autofrettaging and
overstressing [49]. Importantly, this is seen to be a prevalent practice in the production
of large pressure vessels and gun barrels, for example. Another approach for regular use
is subjecting fastener holes in thin sheets to cold expansion [50, 51, 52, 53, 54, 55],
particularly for aircraft. In this work, the effect of partial surface peening on FCGR is
investigated. There are different types of peening technique that are used in different
industrial applications to enhance the fatigue performance of engineering components

such as:
2.5.3.1 Shot peening process

Shot peening may be described as a cold working process creating compressive residual
stress through placing significant plastic strain onto metals’ surfaces. This particular
method has commonly been applied in order to create a significant degree of surface
hardness, combined with a greater level of resistance to fatigue failure in the case of in-
service metal parts [56]. Shot peening is most widely implemented as a method
concerned with mechanical surface treatment, and most commonly in the aerospace and
automotive industries [57]. In this approach, the surface of the metal is made to take
‘shots’ in the form of balls made from tough materials, such as ceramic, glass or steel,
which can be seen illustrated in Figure 2-5. Following the completion of this process, an
effort is made by the elastically stressed area to recover to the unloaded state;
importantly, however, permanent deformation can be seen in the case of the plastically
deformed region. Owing to such inhomogeneous elasto-plastic deformations, the
material demonstrates regions of compressive residual stress [58].

Many studies were carried out in the past to investigate the effect of shot peening on
crack initiation, propagation and fatigue strength in different materials. For example
Donzella et al. have studied the effect of shot peening on mechanical properties,
material micro-structure and residual stress profile in sintered steel plates [59]. In
another independent study, Yang et al. created a nanostructured surface layer in H13
steel by shot peening and noticed that the high temperature wear resistance was

improved as a result of peening, and enhanced fatigue crack initiation and propagation
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behaviour was observed in the nanostructured layer due to compressive residual stresses
[60].

Solid target

Figure 2-5: Shot peening process illustration

Gan et al. have investigated the effect of shot peening on a T-welded structure made of
Q345D steel [61] and found that the suitable peening intensity could improve fatigue
life compared with an unpeened structure. Pyttel et al. and Giannakis and Savaidis have
calculated analytically fatigue strength based on the “Fracture Mechanics Proof of
Strength for Engineering Components” (FKM) guidelines for stress shot peened high
strength leaf spring samples under a three-point bending fatigue test [62] [63] and found
that the fatigue life was improved as a result of peening. Mahmoudi et al. studied the
effect of initial compressive residual stress on subsequent compressive residual stress
induced by shot peening, and found that the initial residual stress was wiped out by shot
peening up to the maximum compressive residual stress point [64]. Yang et al. used
finite element simulations to study the effect of the initial surface finish of the target on
shot peening effectiveness and found that the initial rough surface leads to a major
reduction in the effectiveness of shot peening [65]. Takahashi et al. investigated the
effect of shot peening on the torsional fatigue limit in specimens containing artificial
defects in HSS specimens and found that the defect with specific dimensions could be
rendered harmless by shot peening [66]. Moreover, Klocke et al. proposed a feasible

method for assessing the homogeneity of residual stress distribution on shot peened
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steel [67]. Torres and VVoorwald [68] evaluated the fatigue life of AISI 4340 steel, used
for aircraft landing gears, under four different peening intensities. They found that at the
highest stress there was no change in the number of cycles until failure except in the
specimen treated with the lowest peening intensity. However, there was an increase in
the fatigue life for medium and high cycles. Also, they found that the best fatigue life
conditions were found in the intermediate peening intensities. Perhaps, a lower fatigue
life at the highest intensity was due to an effect of overpeening. The surface experiences
some defects in the form of microcracks which may act as crack initiation in the fatigue
test. Lee at al. [69] investigated the influence of shot peening process on the
microstructure and corrosion resistance of AISI 304 stainless steel. They found the
formation of nano-sized grains, multi-directional mechanical twins and strain-induced
martensite based on microstructures at the surface. Also, the plastically deformed region
with multi-directional mechanical twins and slip bands on the surface layer was formed
to a depth of 200-250um. The hardness was increased by about 40% with respect to the
as-received specimen up to a depth of 300um. However, the surface roughness was
increased significantly after the shot peening treatment which leads to a lower corrosion
resistance mainly because the practical area for corrosion per unit area also increases
with increasing surface roughness. As other examples, Zavodska et al. studied the effect
of shot peening on fatigue strength in a low alloy steel and realised that there is an
increasing positive effect on fatigue strength for crack initiation and growth as a result
of shot peening [70]. A study was completed by Lee et al. which examined the impacts
of the cementite phase on carbon steel’s surface-hardening propensity, considering three
varying carbon contents, spanning 0.1% C, 0.45% C and 0.8% C, when enduring shot
peening[69]. Notably, varying peening durations (tp) were experienced by all specimens
with the application of RCW (rounded cut wire) hardened steel shorts; notably, these
had an average diameter equal to 250um. When examining the findings, it can be seen
that, with an increase in carbon content in the steel, the surface hardness similarly
demonstrates an increase. Subsequently, the conclusion was drawn that the carbon
steels’ surface hardening throughout the shot peening process was achieved through the
carbon dissolution and grain refinement, notably as a direct result of the cementite
phase’s spheroidisation. It was further acknowledged that, in the ferrite in the steels

with higher carbon content, a greater amount of dissolved cementite could be seen,

17



alongside a greater degree of grain refinement. This renders the ferrite to be
supersaturated with carbon, which subsequently causes a significant increase in surface
hardening [58]. The effects of shot peening in the case of a duplex stainless steel,
notably AISI 2205, were examined in the work of Sanjurjo et al. [56]. Importantly, the
material was treated with the use of the shot peening process, ensuring controlled
conditions with the development of a greater degree of intensity in peening. There was
also the use of cast steel S-230 shots. When reviewing the results, a comparison was
drawn with the same material following treatment with an industrial shot peening
process, but which was seen to demonstrate a lower degree of intensity peening. As was
predicted, a greater efficiency in the induction of a higher compressive residual stress,
notably up to 631 MPa, was seen in the case of the controlled shot peening when
contrasted alongside the industrial peening with 367MPa. Furthermore, the compressive
layer induced as a result of the controlled peening treatment showed a total thickness
that exceeded that generated by the industrial peening, with the former showing a
greater depth of more than 350um. Moreover, the effects of various shot peening media
were examined in the study by Zhang et al. [71], with consideration towards Zirblast
B30, Ce-ZrO2 and glass beads in relation to high strength wrought magnesium alloy
AZ80 fatigue performance. It was established that, when peening with Ce-ZrO2 shots, a
low number of surface defects could be seen, alongside low levels of roughness, high
levels of maximum compressive residual stress, and a significant improvement in terms
of fatigue strength. The various responses witnessed in regard to surface integrity, in the
case of the peened magnesium alloy, could potentially be owing to the various peening
medias’ differing properties. Owing to the fact that Ce-ZrO2 is acknowledged as having
a greater density and size when contrasted alongside Zirblast B30 and glass beads, it is
clear that a lower travel speed is needed in order to ensure a similar peening intensity is
achieved. As a result, through a lower kinetic energy of Ce-ZeO2 shots, less surface
damage was caused.

A review of the past studies has revealed that shot peening effects on fatigue crack
initiation and growth were examined by applying this surface treatment technique to the
entire surface of the steel samples. However, the influence of partial peening on
subsequent FCG behaviour is yet to be investigated and compared with full surface

treatment.
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2.5.3.2 Ultrasonic shot peening (USP)

Ultrasonic Shot Peening (USP) is an approach comparable to Conventional Shot
Peening (CSP) in the sense that it is a cold working surface treatment. Both of these
methods use media in order to effect a mechanical component’s surface, thus causing a
residual stress layer and accordingly enhancing the mechanical properties of the
material. Both resistance to stress and fatigue life are seen to be enhanced through stress
corrosion cracking. In this regard, USP differs from more CSP methods in terms of how
kinetic energy is delivered to the shot. Rather than using a constant air flow, high-speed
or gravity rotation of a turbine, the acceleration of a vibrating surface, known as a
sonotrode, is implemented by USP. Vibration frequency is seen to be within the
ultrasonic wave range (20kHz), which goes some way to providing a reasoning behind

the technique’s name [72, 73].

A sinusoidal electric signal exciting a piezo-electric transducer is delivered by a
generator, in order to convert this energy into mechanical displacement. Owing to the
fact that the vibration provided by the emitter is minor, there is a need for the vibration
to undergo amplification through a number of boosters so as to transmit enough kinetic
energy to the sonotrode; this has to be in direct contact with the peening media.
Between the specific region to be peened and the sonotrode, a particular enclosure is
designed. Accordingly, there is the hermetical containment of the media in a controlled
volume. The sonotrode surface’s longitudinal vibrations are seen to randomly disperse
media into the treatment volume in the form of molecules into gas. Such movement
results in all surfaces of the part undergoing treatment receiving homogeneous
treatment. Where there is the necessity for deep compressive stresses and when there is
a need to minimise surface roughness, such as in critical applications, USP may be a

practical and valuable alternative to more traditional shot peening approaches [74, 75].

Due to the treatment’s hermeticity, there is a reduction in media quantity to several
grams, with USP thus able to be performed through high-quality media, including
through bearing-balls with a high degree of sphericity, which means the component
surface is not abraded. Those media with a greater diameter may be seen to achieve a
greater intensity, lower surface roughness and deep compressive stresses [76]. A

number of works have been completed in order to examine the effects of USP on
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material structure integrity. As an example, Rodopoulos et al. completed an analysis
focused on the impacts of LSP, CSP and USP on aluminium allow fatigue behaviour,
based on extracting data in relation to particular products of treatments and their
individual influence of fatigue damage. Accordingly, it was established that the various
peening approaches to enhance materials’ fatigue behaviour when the LSP covers the
areas of safe-life and damage tolerance. Importantly, control shot peening is only able to
derive advantages in the short crack growth, whereas both short and long crack growth
may be seen to benefit from UIT [77]. Furthermore, Pile et al. adopted USP in order to
enhance the overall fatigue life of TiAl alloys. It was established by the scholars that the
USP has the potential to achieve significant stress levels (=<1000MPa) beneath the
surface—notably far greater than that of the tensile yield stress of the material, which is
seen to be within the range 350 to 600MPa [78]. Moreover, the study of Tao et al. took
USP in mind of fabricating a nanocrystalline on pure Fe plate. Subsequently, it was
determined that, following USSP treatments, the surface layer’s initial coarse-grained
structure was refined into equiaxed ultrafine grains (approximately 10nm) with random
crystallographic orientations [79]. Another comparable study was completed by Liu et

al. in order of creating nanocrystalline on 316L stainless steel [80].

2.5.3.3 Laser shock peening (LSP) process

Theoretically, LSP is comparable to other peening treatments in that it has the objective
to improve engineering components’ fatigue life. The LSP technique has been used for
surface treatment for over 30 years in aerospace engineering [81]. In the completion of
the process, a laser beam is directed towards a metal component’s surface, which is
coated with an ablative layer, such as tape or paint, and accordingly covered with a thin
layer of transparent material, as depicted in Figure 2-6; this may be water. This causes a
high-energy plasma which creates pressure shock waves and accordingly causes
compressive stress to be propagated through the material [81]. When subjected to this,
an extensive plastic deformation will be witnessed when the shock wave is seen to
surpass its strength of dynamic yield. Following the shock wave flow, there is a
tendency for the elastically stressed subsurface layer to recover and revert to its original
condition; however, the material’s continuity in the plastic and elastic regions means

this cannot happen. As such, a compressive residual stress is induced at the surface,
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which, in turn, creates yield strength and laser peened material hardness improvement
[82, 83, 84].

Laser Beam

High Pressure Plasma Inertial Tamping Layer

Ablative Layer

Pressure Wave

Workpiece

Figure 2-6: Laser Shock peening principle [85]

When a laser beam strikes the opaque material surface this leads to evaporation of the
thin layer of opaque material. The vapour will absorb the incoming energy from the
laser beam and expand and heat against the workpiece surface. This expanding and
heating generates high pressure on the workpiece surface leading to deform plastically.
The stress propagates in the material thickness, but the magnitude of stress decreases
through the thickness and the material deformation continues until the magnitude of the
stress falls below the material yield strength. The plastic deformation leads to generate
residual stress and strain hardening in the workpiece [86, 84]. Compared to other
techniques, such as shot peening (SP), ball-burnishing (BB) and USP, LSP is reported
to produce the lowest work hardening close to the surface [87]. With a protective
environment and good surface strengthening, laser peening is suitable for the fatigue life
improvement of fastening holes. The LSP has also improved the crack growth resistance
post foreign object damage (FOD) with delayed crack initiation [88], which is valuable
for aircraft gas turbine engine compressors and fan blades [89]. It can also be used for
rigid spinal implant Ti rods, which are improved in flexibility by LSP for a given

fatigue strength [90]. For Ti alloys suitable for high-speed motor rotors used in
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centrifugal compressors, LSP decreases the FCGR [91]. A number of process variables,
including laser shock intensity (energy/power density), spot size, multiple laser shots,
overlapping of laser spots, etc., are available to control the depth of residual stress,
surface roughness and distortion. The intensity of LSP is mainly controlled by the
power density (power per unit area) applied to the laser treated region and is
proportional to the magnitude and depth of the compressive residual stress. The depth of
compression can also be increased at the same energy by applying multiple impacts
[92].

Peyre et al. studied the LSP effect on the fatigue properties of aluminium alloys under
high cycle fatigue (HCF) and compared the results with samples fully treated by shot
peening. They found that the LSP leads to higher surface hardening and residual stress
but with very detrimental roughening not noticeable after LSP, and that the fatigue
performance improvements with LSP mainly occurred during the crack initiation stage
[93]. Rubio-Gonzélez et al. investigated the effect of LSP on FCG and the fracture
mechanics of 6061-T6 aluminium alloy. They found that the LSP increases fracture
toughness and decreases the FCG of the aluminium compared with unpeened specimens
[94]. Hatamleh investigated the various surface treatment techniques on the FCG
behaviour of friction stir welded 2195 aluminium alloy, and also investigated the
distribution of surface residual stress and through thickness in various regions of welds.
It has been found that the tensile residual stress introduced by the welding process
becomes compressive residual stress by LSP and it makes a significant improvement in
fatigue crack retardation compared with shot peening and native specimens[82].
Voothaluru et al. studied the residual stress distribution areas from LSP in two different
materials, which are hardened 52100 AISA and annealed 1053 steels. They found that
there were large variations in residual stress distribution between annealed and hardened
steels, and tensile residual stress present in the area surrounding the LSP area [95].
Ganesh et al. studied the effect of LSP treatment on extending the fatigue life of spring
steel specimens after enduring 50% of their mean fatigue life. They found that the
fatigue life of partly fatigue damaged specimens extended around 15 times due to
compressive residual stress [96]. Correa et al. investigated the influence of LSP on the
fatigue life of stainless steel samples for nuclear and biomedical applications and found
that the fatigue life increased from 166% to 471% by optimizing the pulse sequence
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[97]. Cerny and Sis studied the effect of LSP on fatigue resistance and initiation
mechanisms of 42CrMo steel under 3-point fatigue tests for quite small specimens of
8*8mm. They found that the compressive residual stress generated from LSP caused
retardation or arrest of short fatigue cracks emanating from microstructure defects [98].
Chahardehi et al. investigated experimentally the effect of LSP on the FCG of steel
under tensile fatigue load. They found that the tensile residual stress generated in the
core affected the fatigue cracks’ growth more than the compressive residual stress

generated on the surface due to LSP [99].

2.5.3.4 Cavitation Shotless peening

Soyoma et al. introduced a new method for surface modification by using cavitation jet
process, which is controlled by parameters such as upstream pressure and nozzle size
[100, 101]. The method is to induce a compressive residual stress field in the treated
surface, which is referred to as “cavitation shotless peening”. The reason why this
process is called shotless is because no shots are required and peening is done by
cavitating jet (see Figure 2-7 (a). Cavitation is a phenomenon of phase change from
liquid-phase into gas-phase. It is done by decreasing the static pressure of the liquid
until saturated vapour pressure is reached due to increased flow velocity, and collapsed
cavitation bubble when increasing static pressure by decreasing the flow velocity. When
the cavitation bubble collapses, some part of the bubble is deformed and produces a
micro-jet, as shown in Figure 2-7 (b). The speed of the micro-jet is about 1500m/s. This

speed can result in plastic deformation on the metal surface.
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Figure 2-7: Schematic diagram of cavitation bubble [102]

Soyoma et al. investigated the effect of cavitation shotless peening on different
materials such as Titanium [101], Carbonized steel [100], Stainless steel [103], and
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Aluminium [104] and found that shotless peening improves the fatigue strength of the
material [105, 101]. Also, they found that cavitation shotless peening could relieve
micro-strains by introducing macro-strain in a polycrystalline metal surface [106]. They
also noticed that plastic deformation areas beneath the surface are formed as a result of
cavitation impact in the carbon steel specimens [107].

Although some limited studies have been performed in the past to examine the influence
of cavitation shotless peening on the structural integrity of metallic materials, its
influence on the FCG behaviour of HSSs has received little attention so far in order to
expand the application of this surface treatment technique to wider industries such as
offshore oil & gas and offshore wind.

2.5.4 Precautions against Residual Stresses

Heat treatments at moderate temperatures aimed at achieving stress relief might
facilitate local yielding and accordingly eradicate or at least minimise residual stresses.
Vibrational conditioning in the case of castings and weldments has been recognised as
favourable when contrasted with thermal treatments. Nonetheless, neither of these
approaches can be recognised as achieving improvements through the eradication of
undesirable residual stresses [52, 108, 109].

Various surface treatments, such as shot peening, could be utilised in place of residual
tensile stresses, instead of opting for compressive ones, and accordingly facilitating
retardation in the initiation of fatigue cracks. However, surface treatments are not
always beneficial for fatigue life [110] and instead might cause deleterious stresses,
particularly should the fatigue history be predominantly tensile.

Large regions will experience loss in residual stress should they be broken down into
smaller components. In the case of large welded structures, residual stresses are

commonly seen to be the cause behind significant failure [111, 112].

2.5.5 Stress Relief through Heat Treatment

The relief of stress through thermal approaches involves taking the component or
specimen and subjecting it to heat at a temperature at which the yield stress of the

material has declined, thereby enabling creep to be effective. Significant residual
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stresses are no longer supported and, should temperatures be great enough, the
distribution of the stress will be regarded as more consistent. This heat treatment could
result in ageing effects or tempering, subsequently causing the microstructure to
demonstrate change. The degree of the latter would ultimately rest on the material in
question; more specifically with regard to C/Mn steels, for example, stress-relieving
heat treatment could prove advantageous in enhancing the fracture toughness of the heat
affected zone (HAZ) associated with welds, thus facilitating service at a lower
temperature. Nonetheless, low alloy steels are generally provided in a heat-treated state.
Should stress-relieving heat treatment be deemed a requirement, it then needs to be
implemented without making any significant change to the parent material’s properties

[113].

The structure scale to which the thermal stress relief process is to be applied is
recognised as a critical consideration. In the case of more large-scale components, it
might be feasible to successfully adopt such approaches to critical areas, or otherwise in
situ, with the use of an electrical resistance method or one of induction. In this regard,
there is a rule governing the butting of welds in a plate structure [114], which
emphasises that, when seeking to successfully relieve residual stress, uniform heat input

is necessary over a bandwidth equivalent to approximately double the weld length.

2.5.6 Mechanical Precautions against Residual Stress

In instances where it would be undesirable to implement thermal stress relief,
predominantly in relation to metallurgical effects, mechanical means of stress relief
might provide a valuable alternative. This approach could be delivered through a single
overload, or alternatively by vibrational stress relaxation. The latter is not as well

recognised, nor is knowledge on it particularly in-depth.

A single overloading exceeding the yield stress point could generally cause a decline in
the impact of any pre-existing residual stresses in line with service performance. Such
applications and their overload could result in the creation of compressive residual
stresses surrounding present defects, with beneficial outcomes in relation to fatigue

performance [115].
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2.6 Residual Stress Measurement Methods

There are a number of different residual stress measurement methods includes
destructive and non-destructive method that may be valuable to highlight in the context
of this study. The destructive methods are viewed as being the least complex and as
needing equipment that is cost-effective. Such methods are centred on the principle of
material relaxation as a result of the readjustment of residual stresses following the
boring of holes, the removal of surface layers, or cutting. While, the non-destructive
methods such as ultrasonic technique is focused on changes in ultrasound velocity in the
distance between atom plans in the crystal lattice, induced as a result of stress
functioning on a crystal. Notably, this would affect incident radiation diffraction,
thereby facilitating what is essentially viewed as a very precise internal strain gauge. In
line with the relative intricacy and scale of the equipment deemed necessary, this
approach is a little more difficult to adopt. X-ray and neutron diffraction methods for
residual stress management are recognised as benefiting from being non-destructive, as
is also the case with other approaches, such as Barkhausen noise, eddy-current and
ultrasonic methods [45, 116]. Figure 2-8 provides a summarised overview of various
different approaches with regard to their propensity to make residual stress
measurements within a specimen and their spatial resolution. It is clear that a number of
different aspects need to be considered in depth and accordingly offset so as to ensure
the most appropriate selection of residual stress measurement for any given application.
It may be seen that the most appropriate methods for measuring residual stresses, as
generated by the peening process, are x-ray and the hole drilling (ICHD) approach;
these have been at the core of the present work.
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Figure 2-8: Measurement penetration vs. spatial resolution for various residual stress
measurement methods [117]

2.6.1 Destructive methods

When measuring residual stress in materials, destructive experimental approaches
include the curvature method, Hole Drilling (HD), compliance, slotting, and an
innovative contour approach. These methods involve distortion measurement, which
stems from cutting the material in a particular way, and provides fundamental relief of
the residual stress perpendicular to the newly established surface. The creation of the
original stress field is born from the distortion originating as a result of the inherent
residual stress relaxation that is seen to arise. Although such approaches are commonly
utilised in stress measurement, nonetheless, they remain have some limitation in terms

of measuring the macrostress.

2.6.1.1 The Contour method

This particular approach to measuring residual stress is centred on the variation of the

Bueckner’s elastic superposition principle, as provided in Figure 2-9 [118].
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2.6.1.1.1 Cutting:

Through the cutting approach, the specimen to be measured is commonly divided into
two halves with the use of a wire electrical discharge machining (EDM). Such an
approach offers benefits when compared with other cutting approaches, such as in the
fact that it is able to create a straight cut without the need to remove any surplus
materials from the surface. Moreover, there is no plastic deformation. Furthermore, in
such an instance, a negligible machining stress is apparent. Nonetheless, this EDM

cutting is restricted only to those materials that are electrically conducive [119].
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Figure 2-9: A schematic overview of the contour method and its principle [118]
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2.6.1.1.2 Contour Measurement:

The newly created surface contour shifts from planarity owing to the intrinsic residual
stresses experiencing elastic relaxation. The emphasis that only out of plane
deformations are measured then takes place through the utilisation of a laser probe or
touch probe on a commercial Coordinate Measuring Machine (CMM) [120, 121]. It
should be recognised here that the best possible resolution able to be attained from the
very best touch probe is a few microns; therefore, in an effort to minimise such issues, a
more precise and speed-efficient laser-based approach has been devised [122] and

applied to the measurement of residual stress [123].

2.6.1.1.3 Stress Calculation:

Lastly, the measured out of plane displacement data are then processed, reversed in sign
and applied as surface boundary condition on the FE model of the cut part. There is the
application of boundary conditions only to the direction that is normal to the cross-
section; other directions do not face any limitations. A more than a single constraint is
further deemed necessary in order to assist in preventing rigid body motion. The results
of this approach are post-processed with the aim of achieving a two-dimentional (2-D)

stress profile perpendicular to the cut surface [117].

Accordingly, it is possible to achieve the direct residual stresses through the measured
surface contour; it is not necessary to complete inverse modelling approaches or to have
prior assumptions in regard to the stress field. The contour method has limitations as it

requires very accurate cutting and is not good for a near-surface residual stresses.

2.6.2 Diffraction Methods:

Across the various non-destructive methods, diffraction is regarded as being the most
commonly applied and accurate approach when seeking to quantify residual stress fields
with specific consideration of crystalline materials. When measuring the atomic lattice
spacing, the primary radiation sources are electron, neutron and x-ray photon. It is
noteworthy to highlight that the penetration depth, spatial resolution and overall
accuracy are the fundamental and essential criteria when making a choice as to the
diffraction approach for recognising residual stress. The diffraction technique principle

is similar for each radiation source and will be discussed in details:
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2.6.2.1 Bragg’s Law:

An incident neutron or x-ray beam may be diffracted by crystalline materials with

periodic lattice structure, in line with Bragg’s equation, as provided below:

A
dy = 2sing Equation 2-11

Where: dhy is recognised as the lattice spacing for a set of lattice hkl planes, A is the
incident beam wavelength, 0 is the diffraction angle linked with this particular hkl plane
set.

Importantly, any shift away from the strain-free lattice spacing or d-zero (d;,) may be

seen to be associated with elastic strain, which becomes clear as an angular shift (A0) in

the diffraction peak position. It may be expressed as shown in Equation 2-12:

Eg = Ldg“ =—COotOAO
K dy, Equation 2-12
Such an elastic strain then can be directly converted into stress by using suitable elastic
constant. The stress can be calculated by different method such as Sin?y method and
two-Tilt method. Any plastic element inherent in the strain does not considerably affect
the lattice to any notable degree; however, it does have a second order effect in relation
to the Type Il and Type Il stresses. Nonetheless, besides stress, a humber of other
elements, including geometrical effects, local compositional change or local change in
temperature may cause measured strain variation [124]. Accordingly, there is a need to
pay attention for these other probable sources of apparent strain throughout residual
stress measurement and analysis, with corrections made where these are deemed

necessary.

2.6.2.2 Radiation Absorption:

When any radiation is incident to a material surface, there is then the chance for it to be
absorbed, depending on the properties of the material. Accordingly, the incoming
radiation intensity lessens, which therefore impacts on penetration depth. Should I, be

the initial intensity of an incident beam and | be the lesser intensity after travelling a
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distance x along the material, they then may be linked in line with the following
equation [125]:
= 1o exp(sx) Equation 2-13

2.6.2.3 Sin“y Method:

This method’s history with regard to the measurement of residual stress is many
decades old [127]. Through the adoption of this approach, measurements are completed
across a range of inclination angles (¢), with a high scattering angle applied (20). By
making the assumption of a biaxial stress state within in-plane stress conditions, the
lattice spacing (d¢w) in a specific direction ¢py may be linked to the principal stress.
This can be done by applying the following equation, as discussed in the works of [125,
126 and 128]:

—d¢”’_d°—g _|[1v o, sin2y |—| | 2 (o +0y)
d, » |UE ), ¢ v =) Equation 2-14

As per the aforementioned equation, d¢y is plotted against sin’p, with the slope
associated with the clearly linear curve providing a measure of the in-plane stress
without any adoption of the strain-free lattice parameter, do, which is problematic in

direct measurement.

It is essential at this stage to recognise that the linearity, as displayed in Figure 2-10, of
the d in contrast to the sin?p curve could shift as a result of the presence of shear stress,
the ¢ angle of the misaligned diffractometer throughout measurement, the preferred
grain orientation, and the steep stress gradients, owing to the fact that increasing the ¢

angle lessens the depth of penetration [126].
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Figure 2-10: Various types of d in comparison with sin’g plots for a) a state of ideal biaxial

stress, b) alongside the presence of shear stress, and c) a textured structure material [126]

2.6.2.4 High Energy Synchroton X-ray Diffraction:

A synchroton source can produce x-rays that are able to provide a notably high spatial
resolution in resolving microstresses and more in-depth penetration when contrasted
alongside x-ray sources that are laboratory-based. Such x-ray sources are able to create
photons that encompass energies equal to or in excess of 100keV, which permits a
greater penetration depth when measuring subsurface residual stress in the range of just
a few millimetres, depending on the sample’s atomic number. In the case of titanium,
one further advantage associated with the application of synchroton x-ray diffraction
when compared with neutron diffraction, is a stronger diffracted beam.

Two different techniques are available when seeking to measure residual strain with the
use of high-energy synchroton x-ray radiation. The first approach requires that a single
diffraction peak be garnered through the application of monochromatic radiation,
achieved by measuring the intensity of the diffracted beam as a diffraction angle
functionality. The incidence of a white x-ray beam on a double-bounce monochromator
or otherwise with the use of a Laue monochromator, subsequently diffracted by
satisfying Bragg’s Law, will facilitate the creation of a monochromatic beam. Owing to
the incomplete diffraction and aborption in the monochromator aspects, a monochrome
X-ray beam is seen to be less strong when contrasted with the incident white beam
[126]. Nonetheless, such an approach facilitates the best diffraction peak resolution, in

addition to the opportunity to include the use of an analyser crystal prior to
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identification by the detector; this would eradicate any error sources stemming from an

imperfectly positioned or thick sample.

The second approach requires that entire diffraction profiles at fixed angles be acquired
through the use of a polychromatic white mean. In this instance, there is the
identification of the diffracted mean through the utilisation of a multi-channel analyser
crystal identifier, which has the ability to identify a number of different photon energies.
Such an approach is regarded as appropriate and suited to dynamic in situ residual stress
management measurement, as in the case of shape memory-related transitions, as shown
in Figure 2-11. Furthermore, this particular approach may be adopted in an effort to
measure residual strain in textured material, where a single diffraction peak’s intensity
could demonstrate unacceptable variation, or on the other hand may be unrepresentative
of the bulk material overall. The diffracted beam’s radiation A is seen to be associated

with the energy (keV), in line with the following equation:

12.3975
Energy =

Equation 2-15

When coupling equations 2-1 and 2-5, it becomes apparent that photon energy that is
higher may be linked with diffraction from smaller d-spacings and at a smaller
scattering angle. Subsequently, the smaller angle induces an elongated diamond-shaped
gauge volume, which is seen to comprise a greater spatial resolution across the direction
of the strain measurement, although the beam propagation direction offers a lower
resolution. The method has limitations with variations in grain structure and surface

texture.
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Figure 2-11: A schematic overview of synchrotron measurement geometries, where a)
displays 2O scanning, b) low-angle transmission, and c) the dispersion of white beam

energy [129]

2.6.3 Ultrasonic Residual Stress Measurement

In various works [130, 131, 132, 133, 134, 135], the measurement of residual stress
through the application of ultrasonic methods has become a subject worth exploring.
The main principle underpinning the measurement of such stress and elastic strain
through these methods can be seen in the approximately linear change in ultrasound
velocity following the application of stress. It has been recognised that it is possible to
measure residual stress through the use of this phenomenon. The ultrasonic system
usually contains three parts the ultrasonic generation (Nd:YAG laser) ultrasonic
detection (laser Doppler vibrometer) and acoustoelastic constant measurement ( pre-

stress loading device) [138], as shown in Figure 2-12.

Importantly, ultrasound provides a number of wide-ranging practical applications,
particularly in relation to 3-D stress fields. Stress is recognised as being measured
through the induction of an ultrasound wave, which is incorporated into the element,
with the flight time or other velocity-associated parameter then being measured. In
general, the ultrasonic measurement technique can measure the residual stress in both

cases: averaged through thickness or in surface layers.

Unfortunately, however, there are a number of limitations in its use:
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e The ultrasound velocity in metals might be affected by other phenomena, such
as texture and microstructure, and therefore warrants quantitative understanding.

e There is a need to take into account all characteristics with vectorial quantities,
as in the case of acoustic propagation, meaning any mathematical link needs to
consider such interrelations.

e The coupling witnessed between specimen and transducer needs to be
repeatable.

e There is a lack of appropriate reference samples geared towards the calibration

of instruments.

Such issues cannot be overcome, and digital signal processing and analysis
improvements, combined with the ever-decreasing costs and ever-increasing compact
nature of circuitry means ultrasonic methods are viewed as being a far more preferable
approach, particularly when considering accuracy and viability in establishing residual
stresses [136, 137]. One of the key restrictions can be seen in the fact that the
component shape warranting examination might necessitate a special probe
configuration. The method has a depth penetration from 1-20mm and requires material-

specific calibration.

Nd:YAG Oscilloscope \/\ Computer
Excitation Laser
Cylindrical l >
Lens Laser Doppler
Vibrometer
Photoelectric vy
Detector l
Sample
(a)

Figure 2-12: Schematic diagram of the ultrasonic system [138]
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2.6.4 Hole Drilling

This approach is most likely to be viewed as being the most preferable and well-
developed when seeking to measure surface residual stresses. Through the measurement
of the expansion or contraction of a hole drilled at the component’s surface, residual
stresses may be measured. In the case of large specimens, it may be recognised as non-
destructive; in small test pieces, however, the hole could be deemed damaged to an
unacceptable degree. Accordingly, there is the affixing of a special three-element strain
gauge rosette to the component at the point of interest; a small hole is then made
through the centre. The strains relieved as a result of the hole production are measured

and related back to the original surface stress [45, 139].

It is essential that the most suitable HD technique is chosen in line with the material
under examination. Example of such techniques are between Incremental centre hole
drilling (ICHD) and Orbiting Incremental hole drilling (O-IHD). The ICHD and O-IHD
are technique used to measure residual stress in longitudinal and transverse direction
from the surface to 1 mm and 2mm depth, respectively. In order for the technique to be
deemed accurate and credible, the approach applied in the production of the hole, along
with its geometry, must be repeatable, predictable, and should not incur any instance of
machining stress; should this not be the case, inaccurate values would be incurred.

This approach is considered in the work of many researchers [140], where suitable data
analysis techniques are applied. Aside from the damage caused to the specimen under
examination, the method of HD has a number of different limitations; these are noted as

follows:

Regions experiencing high-stress gradients should be circumvented owing to the fact

that the stress gradient needs to be viewed as constant across the hole.

e Those regions recognised as encompassing greater levels of stress equal to more
than one-third of the yield strength are most likely to induce erroneous results
owing to the strain of the local plastic during the process of metal removal.

e The specimen’s overall thickness needs to be at least four times the diameter of
the hole.

e Holes need to be spaced at a distance of at least eight times their diameter.
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e There needs to be accessibility for the coring/drilling device, which is frequently
bulky.

The ICHD method is considered most suitable for near-surface measurement in the case
of an in-plane stress profile when depth through thickness is up to 1mm. Importantly,
measurement precision may be seen to be between 5% and 20%. So, Hole drilling has
been decided to be used in this study.

2.7 Residual Stress Effect on Fatigue Crack Growth

Residual stresses have been recognised as having notable impacts in terms of the
behaviour of materials in relation to fatigue. Importantly, ensuring the control and
governance of harmful, whilst overseeing the adoption of beneficial, residual stresses
has received much attention in the research, with these aspects acknowledged as critical
to the fatigue performance of components and structures. Moreover, overall, tensile
residual stresses are acknowledged as incurring a negative effect in relation to fatigue
behaviour, whereas beneficial stresses tend to be those with a compressive residual
nature. It is recognised that the effects associated with residual stresses on the growth of
fatigue crack tend to be notably related; however, the majority of the work published in
this area seems to consider these phenomena distinctively. The aim of this work is,
however, investigating experimentally the residual stresses created by partial peening,
which is producing compressive and tensile residual stress on FCGR and crack shape

evolution.

FCG may be influenced by residual stresses through the crack initiation and growth
either accelerating or slowing down, depending on its nature. It is common for residual
stresses to be recognised as superimposed onto the applied stress such that an effective
SIF is provided. Figure 2-13 provides a schematic overview of this; where Profile Il is
seen to represent the applied load cycle, the structure does not have any residual
stresses. Upon the superimposition of a tensile residual stress field onto an applied
stress, the effective SIF increases (Profile Il1). In contrast, however, the applied load is
reduced by compressive residual stresses, meaning there is a lower SIF (Profile I11).
Owing to the fact that the negative SIFs are not physically present, only the positive

element of the cycle is considered [141, 142].
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Figure 2-13: The effects of a) residual stress on total stress, and b) stress intensity factor
within a combined cycle [142]

2.7.1 Stress Intensity Factors Concerning Residual Stress

In an effort to garner understanding of and insight into the effects of residual stresses on
the propagation of fatigue crack, it is essential to ensure an approach to explaining the
effects on the overall intensity of crack tip stress. The effective stress intensity, referred

to as K, When in the presence of residual stress, is achieved through the following:
K = K| + K Equation 2-16

When seeking to calculate K for residual stress, or alternatively K, the process is more
complex than for those loads applied externally, as in K. For external loads, one of a
number of standard solutions may be applied in an effort to establish first-order
estimates of K. Estimated SIFs may be identified for a number of different issues; this
can be done by compounding recognised solutions [143]. When there is a lack of
significant residual stresses, such K estimates are commonly sufficient in providing the

foundation underpinning valuable LEFM frameworks.
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2.7.2 Crack shape evolution

In the case of thick plate and tubular sections, the majority of fatigue cracks tend to be
2-D surface cracks, which are known to have propagation lives prior to reaching a
critical state. The evolution of fatigue crack shape is a fundamental consideration across
a number of sectors, whether power generation or offshore, meaning repair, inspection
and maintenance approaches may be modified [144]. A number of different research
efforts have been directed towards examining the evolution of fatigue crack shapes in
different materials when faced with varying load conditions. As an example, the
behaviour of surface crack in the case of austenitic pipes when faced with tensile fatigue
load was examined by Kim and Hwang through taking into consideration the evolution
of crack shape throughout the process of crack growth. They established that aspect
ratio evolution in surface crack, notably throughout the fatigue cycle, causes an increase
in the calculated life cycle of the conduit material, notably equal to more than a factor of
two within the initial aspect ratio of 0.2, when applied to the central solenoid magnet
design for the International Thermonuclear Experimental [145]. In this regard, Branco
and Antunes performed a 3D finite element analysis in order to establish the
development of fatigue crack in a Middle Cracked Tension specimen; they established
that there is a link between fatigue crack evolution and SIF along the crack front [146].
Ngiam and Brennan investigated the effect of compressive residual stresses resultant
from stitch rolling on the crack shape evolution of mild steel plate and found that the
crack shape evolution was affected significantly by stitch rolling [147]. Brennan et al.
investigated the fatigue crack shape evolution in steel specimens under fatigue load.
They found that under pure bending and tension fatigue loads, the fatigue crack tends to
grow to an optimum ratio regardless of the initial crack shape[148] as shown in Figure
2-14 and Figure 2-15. Further observed and reported in their study is that the crack
shape evolution is dependent on material anisotropy and loading modes, but is

independent of the applied stress magnitude.
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2.7.3 Residual Stress Redistribution in Crack Propagation

The residual stresses and their moments always need to be zero in the case of any plane.
With the propagation of the crack, to some degree, the residual stress is established
through the system’s geometry, and relieved at the surface of the crack. There needs to
be the redistribution of the residual stresses if a balance is to be maintained. The field of
residual stress witnesses much continuous change with the propagation of the crack; this
means that, at the crack tip, the residual stress is not the same as that recognised at the
same position prior to the crack. Such changes need to be considered when SIFs for
residual stresses are calculated. This is supported by the work carried out by Almer et
al. who studied the effect of tensile residual macrostresses and residual microstresses on
fatigue crack propagation of high-carbon steel. They found that the microstresses had
little effect on FCGR, while tensile macrostresses increased the crack propagation rates
in a manner that depends systematically on AK [149]. Lam and Lian investigated the
effect of residual stresses and their redistribution on FCGR. They found that the residual
stress redistribution has an effect on fatigue life and ignoring it can lead to non-
conservative life predication [150].

2.7.4 Fatigue Crack Growth through Tensile Residual Stress Fields

A commonly acknowledged approach to describing the effect of tensile residual stress
fields is through the effective increase of the R ratio. Such a method is seen to be
aligned with the crack closure theories devised by Elber [151], where a tensile residual
stress will ultimately decrease the fatigue threshold. In this regard, when completing an
investigation into FCG under compressive loading, Fleck et al. [152] assumed that the

crack opens when K and K¢ sum at zero.

Cracks may demonstrate propagation when loaded in cyclic compressions, where the
tensile residual stress and compressive stress attributable to an external load will
demonstrate the effect of crack opening. This has been witnessed and detailed in the
work by Suresh [153] as a fast-paced approach to acquiring data, decreasing
uncertainties encompassed in other approaches. Fitzpatrick and Edwards [154]
completed a review of the interaction between fatigue crack and residual stresses, and

ultimately drew the conclusion that, despite crack closure monitoring being able to
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provide a qualitative reflection as to the effects of a residual stress field on a growing
crack, nonetheless, it was not helpful in estimating fatigue life. This was recognised as

owing to the crack opening behaviour and the inherent complexity in such.

2.8 High strength steel

The fabrication of offshore structures with the use of moderate-strength steels that have
a yield strength of up to 350MPa has been traditional in recent times, with the
normalizing route being that commonly used for production. Nonetheless, in the last
two decades, there has been much growth in the use of HSSs in the offshore engineering
arena, which has been primarily driven by the need and motivation to save both cost and
weight.

One of the main benefits to be derived from the use of such structural materials can be
seen in their greater strength—weight ratio, as well as the corresponding savings in
construction schedules and material costs as a result of the less pressing need for
welding. The most fundamental increases have been seen to arise in the topside areas of
jacket structures, where weight saving has not only created material savings but also
permitted notable cost savings. A survey carried out in Billingham et al. [155] suggests
that the proportion of HSS (which is defined in line with >350MPa yield strength) used
in offshore structures has increased by less than 10% to now more than 40% in less than
ten years also in automotive industries [156], bridge design [157] and construction
[158].

The main application of HSSs in the offshore context has been witnessed in jack-up
production. Those steels seen to have a nominal yield strength, commonly in the range
of 500-800MPa, tend to be used when creating legs, rack and pinions, and spud cans.
Such productions, which, in the main, are fabricated for the purpose of drilling, provide
satisfactory use experience for a number of years, and are able to function at a number
of different water depths, but are commonly brought into a dry environment for
inspection on a 5-yearly basis. It is during these inspections that any repairs or instances

of cracking can be identified and rectified.
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In the construction of offshore structural applications, such as production jack-ups,
which are faced with an ever-increasing number of requirements and criteria, HSSs
(notably those with a yield strength >500MPa to around 700MPa) are most commonly
used. Importantly, these provide various benefits when contrasted alongside more

conventional steels, especially when weight is recognised as a consideration.

In the case of more recent applications, particularly with regard to lighter, more small-
scale structures, such steels have been used in the jacket members themselves; however,
there continue to be restrictions in their use in nodal areas owing to fatigue
performance-associated concerns. Accordingly, it is expected that such materials and
their use will continue to witness growth and greater popularity, with steel becoming
more widely available. Furthermore, construction yards are now more experienced and
knowledgeable than ever before when it comes to fabrication methods. At the present
time, the majority of steels are restricted to 450 grades; however, development and
research initiatives have highlighted the view that steel grades of up to 550MPa may be
produced; these are readily weldable and are seen to encompass a significant degree of
fracture toughness. Such steels are expected to be used more and more as their

availability becomes more pronounced [155].
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2.9 Summary

A number of works have stated that a various of different peening processes can be
implemented in order to change the surface of materials through the introduction of
compressive residual stresses, which subsequently improve the level of material fatigue
life. Overall, the treated surfaces have demonstrated varying levels of strengthening and
hardening through the various peening processes. The hardening layers and their
respective depths can be seen to increase by as much as several hundred micron meters.
Moreover, varying degrees of erosion can be seen in material surfaces. A review of the
past studies has revealed that peening effects on fatigue crack initiation and growth have
been examined by applying this surface treatment technique to the entire surface of the
steel samples in a wide range of applications, from offshore and aerospace to power

generation.

The material properties affect the fatigue life of the material, such as non-metallic
inclusion, grain size and environment. The non-metallic inclusion has a significant
influence on FCGR due to inducing small amounts of ductile fracture. The finer grain
size causes higher FCGR in the intermediate stages of FCG due to less distance between
grain boundaries needing a fatigue crack to follow. A corrosive environment leads to
accelerating the fatigue crack rates. Also, a review of different peening techniques has
been done and revealed that all the peening leads to generating compressive or
beneficial residual stress on the surface and tensile residual stress through the thickness

due to the self-equilibrating characteristics of residual stress.

The HSSs provide advantages over conventional steels where the strength to weight
ratio is important. HSSs with yield strength ranging from 500 to 700MPa are being
increasingly used in the offshore engineering industry, involving production jack-ups

with demanding requirements.
However, some of the needs and gaps in the literature need to investigated such as:

1. Applying partial surface peening is cost-effective and less time consuming that
full peening as well as minimize the area of peened surface that subjected to

erosion to extend the fatigue life of engineering components
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2. The influence of partial peening on subsequent FCG behaviour of HSS is yet to
be investigated under tension fatigue load.

3. The influence of partial peening on FCG behaviour is yet to be investigated
under pure bending fatigue load.

4. The influence of cavitation shotless peening on the FCG behaviour of HSSs has
received little attention so far to expand the application of this surface treatment
technique to wider industries such as offshore oil & gas and offshore wind.

5. Comparing the surface finish of the material treated by different peening

techniques.
Therefore, the chapters of this thesis are organised as follows

Chapter 3 presents the finite element simulation to find the shape function to calculate
the SIF for pure bend specimens, as well as prediction of the SCF for a dog-bone
specimen to calculate the applied tension-tension fatigue load.

In Chapter 4 the methodology and results of the measurement residual stress
distribution for bending and tension specimens are presented and the results are plotted

in a 3-D figure for a better understanding of residual stress distribution.

In Chapter 5, an experimental investigation of the effect of partial shot peening on
FCGR under tension-tension fatigue load is presented. The methodology and results of
the experimental work are discussed in detail. The results are represented by FCGR

versus SIF range.

In Chapter 6, an experimental investigation of the influence of the partially peened area
by cavitation shotless peening under four-point bending fatigue load is presented. The
methodology and results of the experimental work are discussed thoroughly. The results

are represented by fatigue crack evolution and FCGR against the SIF range.

Chapter 7 presents the conclusions and findings of the present research work and offers

suggestions for future work.

45






3 Calculation of shape function and stress concentration
factor using finite element modelling

3.1 Introduction

The finite element method (FEM) has been widely used for engineering applications
over the past few decades. FEM is a numerical method for solving an integral or
differential equation to predict stress and strain distributions in engineering components
and structures. FEM uses continuous functions by discretizing the object into small
parts called elements. The elements are continuous over the object by connecting points
called nodes. The purpose of continuous elements is to make the element functions
accurate to global function. The accuracy of the simulation depends on the element
number. The global equation system contains element functions as well as geometrical
and material data. Finite element analysis can be achieved by a range of commercial
softwares such as ABAQUS, ANSYS, etc.; these softwares give various analysis

options to solve simple and complex problems [159].

ABAQUS is a useful software to simulate cracks and fracture mechanics factors’
calculation; it has been used widely to investigate different problems in different
materials. For instance, Teh. calculated the SCF and shape function for different
engineering components [160]. Leitner et al. studied the numerical effects on notch
fatigue strength assessment of welded and non-welded components. It has been found
that the number of element should be at least twelve to minimize the numerical impact
[161]. Huang and Hu have investigated fracture mechanics theory for pre-cracked
specimen under 3-point bending load [162]. Yang and Vormwald investigated the three
dimensional FCG of plate under cyclic non-proportional mixed mode load [163]. Liu et
al. investigated the fatigue life U-notched polymethyl methacrylate (PMMA) for
aerospace industries by using a local stress approach [164]. Arun et al. studied the
extension of a ductile crack of steel under a combination of residual stress and primary
load in a four point bend specimen contains circumferential surface crack through the
thickness crack [165].

In this work, the finite element software package ABAQUS/6.13 version has been used

for modelling different parts containing an artificial crack to calculate the SCF for a
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dog-bone specimen and shape function (Y) for plate with a semi-circular notch that
contains a semi-elliptical crack. The SCF solutions for the geometry used in the
experimental part of this study are not available in the literature. The importance of SCF
is to calculate the applied load for a tension specimen and avoid plasticity at the crack
tip. Therefore a finite element model was developed to work out the SCF solutions for
the specimen design employed in this project. Also, the SIF solution for plate with a
semi-circular notch that contains a semi-elliptical crack under pure bending fatigue load
is not available in the literature. The available solutions are the Newman & Raju model
for plate that contains a semi-elliptical crack on the outer surface of the plate [166].
Therefore, finite element simulations were used develop the Newman & Raju model to
calculate SIF for the specimen that was used in the experimental part of this study. The
results were compared with data from the literature and good agreements have been
found. The elastic properties used in the numerical analyses are provided from the
material supply company for experimental work (Appendix E). The elastic properties
are elasticity modulus E equal to 200GPa, Poisson’s ratio v equal to 0.3, and yield
strength is 690MPa.

3.2 Crack modelling procedure:

3.2.1 Partitioning crack:

First of all, the crack itself needs to be simulated. A partition is made representing the
crack shape and dimension. In this case, the face is partitioned, and the Partition Cell:
Extrude/Sweep Edges tool is used to extrude the partition on the face.

3.2.2 Generating a seam:

When creating a partition to represent the crack, the elements on both sides will share
the same nodes. For crack modelling, sharing the same nodes is not required. By
choosing independent instances mesh and generating seam, separate nodes on elements

on each side of the crack.

3.2.3 Defining the crack:

A crack needs to be defined to be able to request crack-related output. This can be done

by the Interaction module, using Special => Crack => Create, or by double clicking on
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‘Cracks’ in the model tree, under ‘Assembly’, ‘Engineering Features’. In the ‘Create
Crack’ dialog box that appears the type ‘Contour Integral’ is selected, as shown in
Appendix H.

3.2.4 Crack tip/line and crack front:

After the crack front is selected, the contour integral will be calculated for the layer of
elements around the crack face. The edge of sharp crack represents the crack tip. While
for the blunt cracks, the crack front needs to be defined as the crack tip or crack line.

3.2.5 Direction of crack extension:

The crack extension direction must be specified after defining the crack. The crack
extension can be defined either as a g-vector or as normal to the crack plane. The
direction of the crack extension can be specified by only one-direction. The crack

extension direction is the same for all nodes along the crack line.

3.2.6 Symmetry:

When defining the g-vector and the “edit crack” window that opens, there is an option
to specify that the crack is on a symmetry plane. When “no symmetry” is chosen, that
means no symmetry boundary conditions are applied where the crack is defined,

allowing it to open.

3.2.7 Prescribing a singularity:

The strain and stress field can be defined at the crack tip. A singularity can be included
in the geometry mesh. Midside nodes can be moved towards the crack tip and
hexahedral elements can be collapsed to wedges with multiple nodes at each location at
the crack tip. At the crack tip, the nodes at the same location can either be compelled to
move together as a single node, or they pursue as duplicate similar nodes, as shown in
Appendix H. The relationship between strain (¢) and distance to the singularity (r)

depends on these settings. For linear elasticity, € oc 1/vr .

3.2.8 Mesh:

Extra partitions are required around the crack tip to generate a circle around the crack

tip. This partition is beneficial to calculate the contour integral for the layer of elements
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around the crack tip. A hex-dominated swept mesh technique is allocated in the newly
partitioned cell.

3.2.9 Mesh seeding:

A local refined mesh is generated by specifying the number of elements along the crack
and along the circular edge. The number of elements has to be specified according to

mesh convergence study.

3.2.10 Requesting output:

Output can be requested after defining the crack and creating refine mesh around the
crack tip. History output for the crack can be requested by selecting the crack as
domain. The contour numbers which are represented by the number of layers around the
crack front for contour integrals are shown in Appendix H.

3.2.11 Defining the rest of the simulation:

Material properties, loads and boundary conditions have to be defined and applied
depending on the interested geometry. In this study, linear elastic steel is used and the
different plates with different crack geometries were modelled under different load and
boundary conditions.

3.3 Methodology

3.3.1 Stress Intensity Factor for 2-Dimensional Plate with Notch

Finite element models have been used to calculate the SIF for a 2-dimensional (2-D)
plate. The finite element simulation has been carried out for a plate with a semi-circular
notch and crack to calculate the SIF and calculate the normalized SIF by using equation
(3-1).

K, Equation 3-1

Where:

K, : Stress Intensity factor, o : Applied stress (MPa), and a : Crack length (m)
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The investigation has been carried out on a 2-D notched plate, with plate width and

notch radius at 4cm and 0.5cm, respectively. The plate under tension stress is 1x10°Pa.
The crack length varies from 0.25-2cm. The 2-D plate was partitioned to obtain a finer
mesh at the crack zone, as shown in Figure 3-1. A standard element and plane stress
family type have been used for modelling. Owing to symmetry, half of the cracked plate
depicted in Figure 3-1, was modelled by applying adequate symmetry boundary
conditions, as shown in Figure 3-2. In order to be less time-consuming, the complete
model consisted of an intensely-meshed region near to the crack tip and coarsely-
meshed part for the rest of the plate. The SCF was calculated using :

O,
SCF = —e Equation 3-2

Gglobal

where, 6_(local ) is the maximum stress around the hole, 6_global is the global stress

applied on the geometry
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Figure 3-1: Global mesh for semi-infinite plate containing a semi-circular notch and crack
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Figure 3-2: The boundary conditions of semi-infinite plate containing a semi-circular
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3.3.2 Semi-Elliptical Crack in a 3-Dimensional Surface Crack Tension

Specimen

In order to validate the values of three dimensions of SIF, the effects of crack length on
the magnitude of normalized SIF in a 3-D surface crack tension (SCT) specimen with
semi-elliptical crack (see Figure 3-3) have been investigated in this work. The SCT
specimen has been designed based on the ASTM-E740 [167] standard, as shown in
Figure 3-4. The maximum width and length are 80mm and 320mm respectively, while
the thickness and radius of curvature are 15mm and 40mm respectively. A full-scale
model has been constructed with a semi-elliptical surface crack on the middle length of
the specimen. The semi-elliptical crack has been implemented in the model with a/2c
ratio equal (0.1), as shown in Figure 3-3. A structured mesh has been used; the mesh is
more refined around the crack region to ensure reducing the time of simulation and
mesh convergence for accurate results. A standard element type has also been used with

a 3-D 8-node brick solid element C3D8R and three degrees of freedom per node (see

Figure 3-5). The specimen under tension stress is1x10° Pa as can be seen in Figure 3-6.
Five different crack lengths were used in this study, which are 0.5, 1, 2, 3, 4mm. The
result obtained has been compared with data from the literature (Newman & Raju) [166]
and a good agreement has been found. The SIFs were calculated using the finite element

model of a cracked geometry to calculate shape function by using Equation 3-1. The
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result shows that there is a direct effect between crack length and normalized SIF due to
a decrease in the cross-sectional area of the part and an increase in the magnitude of

stress distribution at the crack tip.
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Figure 3-3: Geometry of semi-elliptical crack
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Figure 3-4: Surface crack tension specimen dimensions
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Figure 3-6: The boundary conditions of SCT containing a semi-elliptical crack

3.3.3 Shape function investigation for Four-point bending specimen

In order to calculate the shape function for the experimental work specimen, finite
element simulations have been conducted. The shape function calculation is important
for modifying the Newman & Raju model to calculate the SIF of experimental work.
The effects of crack length on the magnitude of normalized SIF in a 3-D plate with a
notch and semi-elliptical crack under a 4-point bending test have been investigated in
this work. Also, a plate without a notch but with a semi-elliptical crack has been

investigated. A finite element model of a cracked geometry was used for modelling
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different crack depths of 0.5, 1, 2, 3, 4, 5mm, as can be seen in Figure 3-8. The plate
with a semi-circular notch has been investigated, as shown in Figure 3-7. A full-scale
model of the experimental specimen was constructed in the investigation with
maximum width and length of 200mm and 330mm respectively, while the thickness and
notch radius are 25mm and 5mm respectively. A full-scale model has been constructed
with a semi-elliptical surface crack on the middle root channel of the specimen. The
semi-elliptical crack has been implemented in the model with a/2c ratio equal (0.1). A
structured mesh has been used, which is more refined around the crack region and the
channel to ensure a reduced time of simulation and mesh convergence for accurate
results. A mesh convergence has been conducted that resulted in each 1mm of crack
front being discretized into seven solid elements. A standard element type has been used
with a 3-D 8-node brick solid element C3D8R and three degrees of freedom per node
Figure 3-9. The applied stress equal to 1MPa and boundary conditions are shown in
Figure 3-10. The result obtained has been compared with data from the literature
(Newman & Raju) [166] and good agreement has been found. For the plate with a
notch, the notch radius was added to the crack length to calculate normalized SIF and,

again, good agreement has been found.

Crack

R 5mm

Y - L
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330 mm
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Figure 3-7: Geometry of Four-point bending specimen with semi-circular notch containing

semi-elliptical notch
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Figure 3-8: Geometry of crack implemented in 4-point bend specimens
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Figure 3-9: Structured mesh of 4-point bending specimen

P 210 mm P

UFU-V:UFB? & Uv=Uz=0

55 mm

]
% |

L.

Figure 3-10: The boundary conditions of 4-point bend specimen
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3.4 Results

3.4.1 Mesh Convergence

In order to obtain an accurate result for the finite element simulation, mesh convergence
has been done. The modelling has been carried out for a 2-D notched plate width and
notch radius which are 2.5cm and 0.5cm, respectively. The plate under tension stress is
1MPa, as shown in Figure 3-11. It can be observed that the optimum element number
of modelling is around 8 elements/mm. The number of elements were calculated for the
local area around the crack. So, in order to obtain an accurate result, the mesh should be
around this number and reducing simulation time. The mesh convergence study was

carried out by the following steps:

1. Create a mesh using a reasonable number of elements and calculate the SCF by
using Equation 3-2 .

2. Recreate the mesh with a denser element distribution, re-calculate the SCF and
compare the results to those of the previous mesh.

3. Increase the mesh density and re-calculate until the SCF result converges

satisfactorily, as shown in Figure 3-11.
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Figure 3-11: Mesh convergence for modelling
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3.4.2 Width Convergence of 3-Dimensional Solid Plate

The width convergence of a 3-D solid plate with a U-notch in order to know the
approximate width of an infinite plate width has been done. The width convergence is
important for further simulation and to eliminate the effect of the specimen length from
the simulation result. The geometry studied is a 3-D plate with a U-Notch, as shown in
Figure 3-12. The plate length and thickness are equal to 6cm and 0.5cm, respectively.
The plate width varies from 4cm to 13cm. Figure 3-13 shows the SCF with plate width.
The boundary conditions used were similar to those for the 2-D plate with semi-circular
notch as shown in Figure 3-2. It can be observed that the magnitude of the SCF
becomes approximately constant at a plate width more than 6cm. So, it is essential to
use a plate width in modelling that is more than 6cm wide in order to satisfy the
condition of infinite plate width with a U-Notch.

5, 811
(Avg, 75%)
+4.218e+05
+3.865e+05
+3.513e+05
+3.160e+05
+2.807e+05
L +2.454e+05
L +2.101e+05
+ +1.748e+05
+1.395e+05
+1.042e+05
+6.894e+04
+3.365e+04
-1.63%e+03

Figure 3-12: Three-Dimensional modelling of plate with U-Notch Stress
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Figure 3-13: Width convergence for plate with a U-Notch

3.4.3 Intensity Factor for 2-Dimension Plate with Notch

Figure 3-14 shows the relationship between normalized SIF and normalized crack
length for the 2-D notched plate. The normalized crack length was calculated by
dividing the crack length (a) by notch radius (r). The effect of different crack lengths on
the magnitude of normalized SIF in 2-D plate with semi-circular notch has been
investigated by using finite element simulation. Five different crack lengths, which are
0.25, 0.5, 1, 1.5 and 2cm, semi-circular notch radius 0.5cm and plate width 4cm have
been studied. The results obtained have been compared with data from the literature Teh
[160] and an excellent agreement has been found. It can be observed that there is a
direct effect between crack length and normalized SIF due to a decrease in the area of
the cross section area of the part and an increase in the magnitude of the stress
distribution at the crack tip. Figure 3-15 shows an example of a plate with crack

modelling, where, S11 represents the crack opening stresses.
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Figure 3-14: Normalized Stress Intensity Factor for a crack from a semi-circular notch in
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Figure 3-15: Example of finite element model for a plate containing a semi-circular notch
and crack
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3.4.4 Semi-Elliptical crack in 3-Dimensional SCT specimen

Figure 3-16 shows the relationship between normalized SIF and normalized crack
length for the 3-D plate with a semi-elliptical crack. The normalized crack length was
calculated by dividing the crack depth (a) by the thickness of the plate (t). The effect of

different crack length (a) on the magnitude of normalized SIF in a 3-D plate with semi-

elliptical crack has been investigated. Six different crack lengths, which are 0.1, 0.2,
0.25, 0.3, 0.4 and 0.5cm, plate thickness 0.1cm and plate width 4cm, have been studied.
The results obtained have been compared with data from the literature [166] and a good
agreement has been found. It can be observed that there is a direct effect between crack
length and normalized SIF due to a decrease in the area of the cross section area of the
part and an increased magnitude of stress distribution at the crack tip. Figure 3-17
shows an example of a finite element model for a 3-D plate containing a semi-elliptical

surface crack.
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Figure 3-16: Normalized stress intensity factor for a plate with a semi-elliptical surface

crack
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Figure 3-17: Example of a finite element model for a 3-D plate containing a semi-elliptical

surface crack

3.4.5 Numerical prediction of the stress concentration factor for a dog-bone
specimen
The SCF solutions for the geometry used in this study are not available in the literature.
Therefore a finite element model was developed to work out the SCF solutions for the
specimen design employed in the experimental study of this project. The SCF solutions
are important to calculate the applied load and avoid the plasticity at the crack tip in the
experimental investigation of this study. A full-scale model of the dog-bone shaped
specimen geometry was constructed in the finite element simulation (see Figure 3-18)
with the notch on the middle length of the specimen to calculate the SCF. The geometry
was partitioned to obtain a finer mesh at the crack zone, as shown in Figure 3-18. A
structured mesh was used in simulations and the mesh was coarsened away from the
notch tip region to reduce the computational power in finite element simulations [169].
The mesh structure employed in finite element simulations is shown in Figure 3-19. A
standard element type has been used with a 3-D 8-node brick solid element, C3D8. The
boundary conditions were applied similarly to the boundary conditions of the validated
result from the SCT specimen, as shown in Figure 3-6. Eight different central hole

diameter sizes, D, were examined in simulations to investigate the effect of hole
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diameter on dog-bone specimen SCF values. The local and global stresses for each hole
diameter case were predicted using finite element simulations. The SCF was

subsequently calculated using Equation 3-3.

O,
SCF = —lecal Equation 3-3

O-global

where, 6_(local ) is the maximum stress around the hole, ¢_global is the global stress
applied on the geometry. The SCF values obtained from finite element simulations are
plotted against D the hole diameter normalized by W, and the specimen width, D/W,
and the results are shown in Figure 3-13. A second degree polynomial fit was made to
develop a general solution for SCF as a function of D/W. The equation of the line of
best fit made according to the numerical data points is described in Equation 3-3. As
seen in this equation, the SCF for the specimen geometry used in this study with a D/W
of 0.083 (see Figure 3-20) is 3.8.

SCF = 0.1423(\,2\/)2 + 2.6346(V2V) +3.5702 Equation 3-4

Y (Transverse direction)

L# X (Longitudinal direction)

Figure 3-18: Dog-bone specimen partitions
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Y (Transverse direction)

L X (Longitudinal direction)

Figure 3-19: The mesh in the finite element simulations for the dog-bone specimen
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Figure 3-20: Stress concentration factor variation against the normalized hole diameter
for the dog-bone specimen
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3.4.6 Four-point bending load for the specimen

Figure 3-21 shows the relationship between normalized SIF and normalized crack
length for a plate with a semi-circular notch and a plate without a notch under a Four-
point bending test. A finite element model of a cracked geometry was used to study the

effect of different semi-elliptical crack depths (a) on the magnitude of normalized SIF in

a plate with and without a notch. For different crack lengths, which are 1, 2, 3, 4, 5 and
6mm, semi-circular notch radius and semi-elliptical crack length ratio (a/2c)
are 5mm and 0.1, respectively, have been studied. The semi-circular notch radius was
added to SIF results obtained from finite element simulations, and the results compared
with Newman & Raju [166] and a good agreement has been found. It can be observed
that the normalized SIF depends on an equivalent depth of crack. The equivalent depth
of crack equals the total depth of the crack from the surface to the crack tip. In the
present study, the radius of the semi-circular notch to the crack depth has been added.
Also, it can be observed that a normalized SIF trend decreases with increased
normalized crack depth (a/t) due to the contact of the crack faces. The contact of crack
faces will generate additional loads along the crack line, which leads to a change in the
displacement and stress field at the crack tip and reduces SIF [170].

1.2
{1 e
1.0 ’
M
] ' A
T ’ B
0.8 ¢ s n .
| ¢e
8 0.6 -
0.4 -
¢ Newman & Raju (1981)
0.2 1 m ABAQUS without notch
ABAQUS with notch
00 T T T T T T T T T T T T T T
0 0.2 0.4 0.6

(@)

Figure 3-21: Non-dimensional stress intensity factor for plates under 4-Point bending test
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3.5 Summary

The SCF solutions for dog-bone specimens and SIF solutions for plate containing a
semi-circular notch with semi-elliptical crack are not available in the literature. The
available solution for SIF is an empirical equation generated by Newman & Raju [166]
obtained from a 3-D, finite element analysis of semi-elliptical surface cracks in finite
elastic plate subjected to pure bending or tension loads. The finite element analysis
software (ABAQUS) has been used to predict SCF solutions for dog-bone specimens
and to shape function () solutions for plate with semi-circular notch which contains
semi-elliptical cracks such as those that were used in the experimental work. The mesh
convergence and width study to calculate the SCF has been done to reduce the
simulation time and improve the accuracy of finite element simulation. It has been
found from the mesh convergence results that the optimum mesh size is 8 elements per
mm. In order to ensure the finite element simulation results are reliable and validated,
different engineering components were modelled and validated with available data from

the literature. The findings from the simulation results are summarized as follows:

1. The general equation of an SCF solution for dog-bone specimens was obtained.
The SCFs are important to calculate the experimental applied load and avoid the
plasticity at the crack tip.

2. The shape function (Y) of plate with a semi-circular notch containing semi-
elliptical cracks was calculated to develop Newman & Raju model and calculate
the SIF for the specimen of experimental study. The shape function was
calculated by using effective crack length. The effective crack lengths have been

found by adding the semi-circular notch to the crack depth.
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4 RESIDUAL STRESS MEASUREMENT IN PEENED
SPECIMENS

4.1 Introduction

To study the effect of partial surface treatment on FCG, the residual stress map must be
known. In order to gain a better understanding of the residual stresses present in
partially peened specimens made of HSS, residual stress investigations were carried out.
Originally, one of main objectives was to evaluate residual stress variation in the peened
area. The investigation involved the measurement of the induced stresses and sought to
visualize the stress field pattern and behaviour through-thickness across the specimen
surface. This chapter presents a study carried out by the ICHD method to evaluate
residual stress variation on partially peened specimens. For the incremental centre hole
drilling (ICHD), residual stress evaluation was performed using an inverse solution
known as the integral method. ICHD is suitable for near surface measurements of in-
plane stress profiles, compared to other measurement techniques, but has limitations
with sensitivity to noisy data and a maximum stress measurement equal to 70% of the
yield stress of material, as shown in Chapter 2. ICHD gives rapid and reliable results
with different type of specimens, and introduces often tolerable and localized damage.
The measurement method can identify the through-depth profile of the in-plane residual
stress to a depth approximately equal to 1mm [45]. In this chapter, the residual stresses
distributions in partially peened specimens by i) cavitation shotless peening and ii) shot
peening are measured. The specimens were designed to study the influence of partial
peening area on FCGR, as it is important to identify the nature of residual stress
distribution in and around the peening area, such as compressive or tensile. It is also
important to identify the depth of compressive residual stress induced by cavitation
shotless peening and shot peening in high strength material that has a yield stress higher

than conventional steel and then compare their residual stress profiles.
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4.2 The Residual Stress Measurement

In general, stress measurement typically is done by interpreting the strain or
displacement measurement. The measurement depends on the evaluation of stress
differences in the presence and absence of external loads. There are many challenges
from residual stress measurement due to the built-in characteristics of these stresses,
despite the measurement technique, because they cannot easily be applied or removed.
The residual stress measurement is less precise than load induced stress measurement
due to built-in and self-equilibrating characteristics. Some measurements required to
remove or cut some stressed material can be inaccurate residual stress measurement.
There are many other methods that depend on using another technique to measure
residual stress without removing or cutting stressed material, such as acoustic wave,
magnetic field, thermal energy, etc. These methods have many challenges when
interpreting the proxy measurement as stress data due to the interpreting data requiring
some of material details and extensive calibration [45] [171]. In this study, the ICHD
technique has been chosen to measure the residual stress distribution, the latter having

been investigated in four-point bending and dog-bone tension specimens.

4.3 Hole Drilling Technique

The ICHD method is a semi-destructive technique which involves some damage to the
part but can be repairable or tolerable. The method involves drilling a small hole in the
required area to calculate residual stress. The drilled hole causes a redistribution of
built-in stresses in the remaining material, which creates localized displacement. The
strain gauges have the ability to measure the surface deformations due to HD. A
commercial ICHD strain gauge has been manufactured to ensure accurate orientation on
the workpiece for reducing error and enhancing the quality of the measured data. The
ICHD test has been standardized for a clear procedure for stress
calculation. ASTM E837 contains the procedure to conduct residual stress measurement

as well as three different strain types covering a range of measurement needs [172].

There are two different methods employed to calculate residual stresses in specimens,

depending on the thickness of the specimen as well as the kind of residual stresses. A
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through-HD method is used for thin specimens and uniform residual stresses. For thick
specimens and non-uniform residual stresses, an incremental (blind) HD is usually used
[172, 173].

In this study, the ICHD has been used to investigate the residual stress distribution in
the test specimens which have been treated by cavitation shotless peening and shot
peening. The investigation is important in order to know the magnitude and direction of
residual stresses both in the peening area and the surrounding area for further study of
the specimens under fatigue tests.

4.3.1 Methodology

The HD technique has been used to investigate the residual stress distribution in the test
specimens. The ICHD method has been employed to calculate residual stresses by
following the procedure provided in the ASTM E837 standard. The specimen is
considered to be a thick specimen due to the specimen thickness being much bigger
than the ICHD depth. The specimen thickness is 25mm and the ICHD depth is Imm.

4.3.1.1 Surface Preparation

Surface smoothness is important for strain gauge application as confirm by the
adhesive manufacturer used for strain gauge bonding. Mechanical abrasion should be
avoided in the surface preparation due to the sensitivity of residual stresses to
mechanical processes. Chemical etching has been done prior to attaching the strain
gauge. In the present study, the following procedure has been followed according to the

strain gauge manufacturer [174].

1. Clean the surface by using a degreaser and dry it manually. Sandpaper
has been used for surface smoothing. The desirable surface smoothness
has been achieved by using 320 and 220 grit sandpaper and by repeating
the process horizontally and vertically.

2. Clean the surface by using conditioner and neutralizer which are

provided by the strain gauge manufacturer, as shown in Figure 4-1.
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Figure 4-1: The sand grit with neutralizer

4.3.1.2 Strain gauge selection

A rosette gauge contains three single or pairs of strain gauge grids to be used. The strain
gauge selection depends on the place and application required to investigate the residual
stress within it. For simple residual stress calculation, a standardized rosette gauge has
been designed. There are three different rosette HD geometries, A, B and C, depending
on the arrangement of the strain gauge, as shown in Figure 4-2. In the present study, due
to using a flat plate, there is easy access to the required residual surface and enough
distance from the specimen edge to give flexibility to the strain gauge choice. A rosette
strain gauge type (A) CEA — XX — 062UL — 120 with a gauge diameter of 5.13mm
has been chosen, which contains three single strain gauges in three different directions,
namely longitudinal, transverse and shear directions. The strain gauges have been
attached in the desired location, soldered and connected to a strain recorder.
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Figure 4-2: Rosette strain gauge types [172]

4.3.1.3 Installation of the strain gauge

The strain gauge installation is important for residual stress measurement. A good
installation process ensures a good bonding between the strain gauge and workpiece,
which provides a good transfer of surface deformation by shear loading to the resistance
grid. In this study, a specific adhesive provided by the strain gauge manufacturer

Vishay, [174] is used for the strain gauge bonding.
4.3.1.4 Strain gauge wiring

The wiring process has been straightforward without a protection layer due to the short
time of the ICHD process. A three-wire arrangement has been used to reduce the effect
of leadwire temperature change. The temperature change affects the stability of the
strain readings and the wire length affects the strain gauge measurement due to the wire

resistance, as shown in Figure 4-3.

Figure 4-3: Strain gauge wiring
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4.3.1.5 Data acquisition or strain recorder

The HD process causes small changes in the strain gauge measurement at every step.
The strain recorder has to be stable, accurate and have a high resolution to obtain
accurate and smooth results of residual stress. The ICHD instrumentation has to be
calibrated by following the guidelines of the strain gauge manufacturer, as shown in
Table 4-1. In this study, an electronic recorder strain gauge has been used, as shown in

Figure 4-4 .

Table 4-1: Rosette Gauge Factors type (A)

Channel Strain gauge factor at 24°
1 2.105 £ 0.5%
2 2.070 £ 0.5%
3 2.115 £ 0.5%

4.3.1.6 Drill Cutter Selection

In this study, a tungsten carbide cutter has been used. The cutter diameter has been
selected depending on the nominal hole diameter of rosette type (A) which is used in
this experiment. The cutter diameter has to be slightly smaller than the required hole
diameter because of the clearances required and the vibration. The cutter diameter is
1.6mm. The cutter has an inverted cone shape with a 5° relief on each side for chip

removal and to avoid any rubbing between the cutter and workpiece.
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Figure 4-4: Strain gauge recorder

4.3.1.7 Drilling Machines

The HD process is a very sensitive and accurate process which includes drilling a hole
in the workpiece through the centre of the strain gauge rosette. The ICHD machine has
features involving the cutter holder, position adjustment system for alignment, drill
depth and feed control. In this study, a commercial drilling machine has been used
which is the Micro — measurements RS — 200 (Vishay Precision Group), as shown
in Figure 4-5. The machine has an air turbine drilling motor and micrometer head to
control the drill depth manually. The machine uses an optical head for drill alignment
and measuring the drilled hole diameter. The machine has three pads for mounting on

the workpiece by using cement.

The total depth of ICHD has to be divided into sub-increments in each step. The number
of sub-increments depends on the type of strain gauge rosette. In this study, the strain
gauge rosette type (A) has been used, so the total depth of ICHD is 1mm divided into
20 steps according to Standard E837-08.
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Figure 4-5: The hole drilling machine Micro-measurements RS-200 (Vishay Precision

Group)

4.3.1.8 Residual stress calculation

In general, the residual stresses are changing with the depth from the material surface.
This characteristic creates a big challenge to the calculation of residual stress due to the
deformation of the surface depending on the combination of the stresses through the
depth of the material not only having a single uniform stress. For instance, the isotropic
stresses and strains:
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p(h) =1Jr?ujoh5(H,h)P(H)dH Equation 4-1

Where p(h) is an isotropic strain combination which is relieved when the hole reaches a

depth (h), and can be found as follows:

P =(&+&);/2 Equation 4-2
q; = (& _‘91)1' 12 Equation 4-3
P; = (&5+& _252)1 /2 Equation 4-4

While, p(h), which is the isotropic stress combination that exists at depth h from the

measured surface can be calculated as follows:

p—_Y X Equation 4-5
2

Q= Ty 9 Equation 4-6
2

T=1 Equation 4-7

and the a(H,h) is a generalization of the uniform stress calibration constant a(h)

which can be defined as follows:

= a E )_ p Equation 4-8
+v)a
E )
Q= T Equation 4-9
E )
T= it Equation 4-10

From Equation 4-2 to Equation 4-10, it can be observed that equations are dependent on

a,band the associated strain quantity.

The form of Equation 4-1 is known mathematically as the Volterra equation of the first
kind. It defines an “inverse problem” due to the stress to be determined occurring within
the integral on the right side, rather than on the left. The solution can be calculated by
using the “inverse method” which is suitable for this equation. The computational

method is called the “integral” or “unit pulse” method, which is a generalization of
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Equation 4-8, Equation 4-9 and Equation 4-10. The associated measurement method
contains HD in a sequence of incremental depth, associated with strain measurements
for each increment. According to ASTM E837-08, the total measurement depth is equal
to 0.2D and is divided into 20 steps. The inner stresses are supposed to be locally
constant at each incremental step and give the stress magnitude at each level of the step
as shown in Figure 4-6. In this method, the P, Q and T become vector quantities P;j, Q;
and T;, where j=1, n which is an index for the n represents the depth in each increment,
while the strain values p, g are similar to stresses values and become p, g and t where i=
1, n.

Figure 4-6: Residual stress variation with depth used by the Integral Method [172]

In the analogous method, the calibration constants a and b become matrix quantities
ajand b;whose elements relate the stresses value within depth increment j to the

strains measured with a hole i depth of increments

— h —
aij = J.h-,l a(H ) hl)dH

— hJ —
bij :J‘h;lb(H,hi)dH
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The physical interpretation of matrix a is shown in Figure 4-7. The quantity aw
represents the strain caused by a unit stress within increment three of a hole four
increments deep. The matrix is lower triangular because the stress that exists within the
hole contributes constants that can be found using finite element calculations.

According to this generalization, Equation 4-5, Equation 4-6 and Equation 4-7 become:

aP = _E p Equation 4-11
1+v

bQ = Eq Equation 4-12

b= Et Equation 4-13

For example n = 3, so the equation can be written as

ai

au R c P
A2 A2 Pl=—1In
_ _ _ 1+v

dizdz3zadss P3 P

The depth of residual stress in the material is dependent on physical limitations. These
physical limitations are described by Saint-Venant’s Principle, which are that the
stresses away from the measured surface have less effect on the measurement. This
influence can be imagined in Figure 4-7 which the matrix elements are expected to be
small in size as they represent the strains generated by stresses located next to the
bottom of the hole. Due to the material at the bottom of the hole supporting those
stresses this leads to minimizing their effect on the surface. When the hole depth
increases, this effect becomes greater and gives ever smaller diagonal elements in the
matrix. When the diagonal elements reach zero this leads the matrix to become singular
and no stress rising is possible. Experimentally, the residual stresses can measured up to
0.2D.

Due to the measurement quality having priority, some mathematical methods can be
used to improve the influences of the remaining experimental failure. One of these
approaches is to take small measurements with very small hole increments and this
leads to increasing the quantity of data for calculations. This approach leads to the

creation of a large fluctuation in the stress calculations because stress calculations
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depend on the difference in strains measurements. In this case, the strains measurements
are very small and lead to large errors; to overcome this problem is to use the best-fit of
data by using smoothed approximations of the strains data. The effective method to do
best-fit is to use the “Tikhonov regularization”. The method includes a little
modification to Equation 4-11, Equation 4-12 and Equation 4-13 to reduce the noisy
component of the stress calculation:

—T

@ a+apCTc)P = _E 3 p Equation 4-14
1+v

Where the matrix c contains the second-derivative operator, such as n=4:

0 1

[—1 2 -1 |
c= | ~1 2 -1
| o 0]

The matrix contains the sequence of numbers [-1 2 -1] in each row, at the centre of
the main diagonal, except the first and the last rows. « represents the regularization
parameter which controls the regularization’s parameter. A small value of « represents
too much noise and insufficient smoothing of the stress values, while a large value of &
represents excessive smoothing and removes the local details. An optimal value of «
has to be used to remove measurement noise and keeping the spatial details of stress

calculation. The optimal regularization occurs then the misfit, such as:

1+v - .
Pristit = p—%ap Equation 4-15

The Tikhonov regularization and Integral method are working well in practice for large
quantitities of measured data. The smoothing trends of strains data can lead to easily
identifying the wrong measurement. The MATLAB code was programmed to compute

the residual stresses, as shown in Appendix B.
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Figure 4-7: Physical interpretation of coefficientaij [172]

The drilling process can be done by a plunging or orbiting technique [172]. In this work,
the plunging technique was used, in which the cutter is advanced axially. The advantage
of using the plunging technique is both its simplicity and the hole diameter being almost
the same as the cutter diameter. The cutter diameter used in this work is 1.6mm and the
hole diameter was 2.1mm, experimentally measured. The hole diameter is important to
ensure the target range is within that specified in ASTM E-837. The calibration data
used in this work were tabulated in Table 5 in ASTM E-837 due using a type (A) rosette

strain gauge.
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4.4 Results

4.4.1 Results of Residual Stress Distribution on 4-point Bending Specimen

Four-point bending fatigue specimens have been fabricated from Optim700QL high
strength ferritic steel. The mechanical and chemical compositions of this material were
provided by manufacturer certificate in Appendix E. To conduct this study, 4-point

bend specimens were machined from an Optim700QL plate. As seen in Figure 4-8 the

4-point bend specimens had 330mm length, 100mm width and 25mm thickness. As
shown in Figure 4-8, a semi-circular starter notch with a radius of 5mm was machined
at the centre of the 4-point bend specimens. The specimens were partially peened using
the cavitation shotless peening technique for 120mm along the axial direction of the
specimen geometry. Seven test specimens with different extents of cavitation shotless
peening areas, with a 10, 20 and 30mm gap in the unpeened region (see the “A”
dimension in Figure 4-8), were prepared for this study. The A20 specimen has been
chosen in order to study the residual stress distribution. Seven points have been chosen
to study the residual stress distribution on the specimen, as shown in Figure 4-8.
Incremental HD has been used to measure residual stress distribution at a room

temperature of 25C°.
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Crack R Smm ; 7/
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Figure 4-8: Schematic graph of residual stress measurement points on four-point bending

specimen geometry
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a) Pointl

Figure 4-9 shows the strain reading against each step of ICHD for point 1, as shown in
Figure 4-8. It can be observed that the strain trends for €3, €, and €3 are rough, which
represent the strain values created due to the specimen’s fabricated process; Where, €;
represents the strain readings in longitudinal direction (x), €, represents the strain
readings in transverse direction (y), and e3 represents the strain readings in the (xy)
direction. The residual stresses were calculated from the strain values as shown in
Figure 4-10. It can be seen that the maximum residual stress near the surface is around
200MPa in the longitudinal direction and around 100MPa in the transverse direction.
The shear stress is around 50MPa close to the surface. The residual stresses in
longitudinal and transverse directions have anegative sign which indicates that the
residual stress is in a compressive state. The compressive residual stresses decrease
gradually through the specimen’s thickness and are then converted into tensile residual

stress at 0.2mm depth from the surface.
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Figure 4-9: Strain gauge reading versus depth at point 1
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Figure 4-10: Residual stress distribution versus depth at point 1

b) Point2

Point 2 lies inside the peened region on the specimen, as shown in Figure 4-8. The
strain readings were plotted versus hole depth where, €; represents the strain readings in
longitudinal direction (x), €, represents the strain readings in transverse direction (y),
and e represent the strain readings in the (xy) direction, as shown in Figure 4-11, from
which it can be observed that the strain trends are rough due to the noise effect during
the test. The residual stress in longitudinal, transverse and shear were calculated from
strains and plotted against hole depth, as shown in Figure 4-12. It can be seen that the
maximum residual stresses are around 500MPa and 300MPa in longitudinal and
transverse directions, respectively. Although the results are rough due to the de-bonding
of the strain gauge from the material surface during the test procedure, the residual
stresses magnitude near the surface give an idea of the nature and value of residual
stresses which are compressive residual stress around 500MPa and 300MPa in

longitudinal and transverse directions respectively.
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Figure 4-11: Strain reading versus depth at point 2
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Figure 4-12: Residual stress distribution versus depth at point 2
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C) Point 3

The strain readings were plotted versus the hole depth for point 3, as shown in Figure
4-13. It can be observed that the strain reading trends are smoothly increased through
the depth due to the good bonding between the strain gauge and the workpiece and
existence of residual stress according to the ASTM-837 test procedure. The residual
stresses were calculated from the strain readings and plotted against the hole depth, as
shown in Figure 4-14. It can be observed that the maximum residual stresses are around
300MPa and 200MPa in longitudinal and transverse directions, respectively. The
residual stress values are within the measurement range of the ICHD technique i.e.
between 50-70% of yield strength of the workpiece’s material. The residual stresses are
decreased gradually through the thickness and converted into tensile residual stress due
to the self-equilibrating characteristics of residual stress in the material. The depth of
compressive residual stress is around 0.4mm before being converted into tensile

residual stress.
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Figure 4-13: Strain reading versus depth at point 3
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Figure 4-14: Residual stress distribution versus depth at point 3

d) Point4

The residual stress distribution was measured at point 4 which lies in the peened region,
as shown in Figure 4-8. It can be seen in Figure 4-15 that the trend of strain reading
against the hole depth increases smoothly as the hole depth increases due to minimizing
the external effects during the fatigue test, such as strain gauge bonding and external
noise effect. The residual stress was calculated for each increment of ICHD and plotted
against hole depth, as shown in Figure 4-16. It can be seen that the maximum
compressive residual stresses are around 400MPa and 250MPa in longitudinal and
transverse directions, respectively, which confirms the residual stress results from
points 2 and 3. The compressive residual stress is reduced gradually through the
thickness and starts being converted into tensile residual stress at 0.4mm from the

surface, as shown in Figure 4-16.
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Figure 4-15: Strain reading versus depth at point 4
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Figure 4-16: Residual stress distribution versus depth at point 4
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e) Point 5

Figure 4-17 shows the strain recorder reading versus hole depth for point 5 which lies in
the peened region, as shown in Figure 4-8. It can be observed that the strain recorder
readings increase smoothly with the increasing hole depth. The residual stress for point
5 was plotted versus the hole depth, as shown in Figure 4-18. The maximum
compressive residual stresses are around 400MPa and 300MPa in longitudinal and
transverse directions, respectively. The residual stress magnitude is within the range of
measurement of the ICHD technique which is 50-70% of vyield strength of the
workpiece’s material. The compressive residual stress depth is around 0.4mm before
starting to be converted into tensile residual stress and the depth result matches those at

the peened areas of points 3 and 4.
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Figure 4-17: Strain reading versus depth at point 5
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Figure 4-18: Residual stress distribution versus depth at point 5

f) Point 6

The residual stresses in between two peened regions were measured and presented in
points 6 and 7, as shown in Figure 4-8. The strain readings were plotted against the hole
depth, as shown in Figure 4-19 and Figure 4-21 for points 6 and 7, respectively. It can
be observed that the strain reading trend is rough through the hole depth. The residual
stresses were computed and plotted against the hole depth for points 6 and 7, as shown
in Figure 4-20 and Figure 4-22, respectively. For the residual stress for points 6 and 7, it
can be seen that the residual stresses are in a tensile state and converted gradually
through the thickness into compressive residual stress due to the self-balancing
characteristic of residual stress in the material. The maximum tensile residual stress is
around 300MPa and 100MPa in longitudinal and transverse directions, respectively for
points 6 and 7. The tensile residual stress converts into compressive residual stress at

0.4mm depth from the specimen surface.

88



Strain (€)

0.00004

0.00002

-0.00002

-0.00004

-0.00006 A

-0.00008
Overall hole depth (mm)
==¢==Strain Gauge 1 == Strain Gauge 2 Strain Gauge 3

Figure 4-19: Strain reading versus depth at point 6
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Figure 4-20: Residual stress distribution versus depth at point 6
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g) Point7
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Figure 4-21: Strain reading versus depth at point 7

500 -
400 -

300 ]

N

o

o
1

o

Stress (MPa)
H
o
o

0 0.2 O.Wo.s 1
-100 -
-200 -
-300 -
Overall hole depth (mm)
=== ongitudinal Stress  ==Transverse Stress Shear Stress

Figure 4-22: Residual stress distribution versus depth at point 7
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4.4.2 Result of Residual Stress Distribution on dog-bone M(T) Specimen:

Dog-bone fatigue specimens have been treated by “shot peening”. The specimen has
been treated at selected areas, as shown in Figure 4-23. Five test specimens with
different extents of shot peening areas, with a 10, 20 and 30mm gap in the unpeened
region (see the “A” dimension in Figure 4-23), were prepared for this study. The (A20)
specimen has been chosen in order to study the residual stress distribution. Three-point
has been chosen to study the residual stress distribution on the specimen, as shown in
Figure 4-23. ICHD has been used to measure residual stress distribution at a room

temperature of 25°C.

The residual stress measurements in the peened area are represented in points 1 and 2.
The strain recorder readings were plotted against the hole depth for points 1 and 2, as
shown in Figure 4-24 and Figure 4-26, respectively. It can be observed that the strain
recorder readings increase smoothly with the increasing hole depth, which represent the
strain values created due to the specimen’s fabricated process. Whereas, €; represents
the strain readings in longitudinal direction (x), €, represents the strain readings in
transverse direction (y), and e3 represents the strains readings in the (xy) direction. It can
be observed that there is a similar trend in behaviour between points 1 and 2 due to both
points lying in the peened region and the strain recorder readings increase smoothly
with the increasing hole depth. The residual stress for points 1 and 2 were plotted versus
the hole depth, as shown in Figure 4-25 and Figure 4-27, respectively. The magnitude of
residual stress at points 1 and 2 is around 500MPa in a longitudinal direction and around
400MPa in a transverse direction, and these values are within the measurement range of
ICHD which is around 50-70% of the yield strength of material. The negative sign of
residual stress indicates that the residual stress is in a compressive state. The self-
balancing feature of residual stress in material that causes the residual stress, decreases
gradually through the thickness and is then converted into tensile residual stress. The
compressive residual stress starts converting into tensile residual stress around 1mm
from the surface. The residual stress results indicate that the cavitation shotless peening

causes compression up to Imm depth through the specimen.

The residual stresses between two peened areas were measured, which are represented

by point 3. The strain readings were plotted against the hole depth, as shown in Figure
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4-28. It can be observed that the strain reading trend is rough through the hole depth due
to these strains resulting from compressive residual stress in the peened region. The
residual stresses at point 3 were calculated from strain recorder readings and plotted
against the hole depth, as shown in Figure 4-29. It can be observed that maximum value
of residual stresses around 150MPa and 50MPa in longitudinal and transverse
directions, respectively, with a positive sign. The positive sign indicates that the nature
of the residual stress is a tensile residual stress. The tensile residual stress is generated
due to the self-balancing features of residual stress in the transverse directions, as

shown in Figure 4-23.

Shot peening area

y
_ | DSmm\ 10mmy, | / / |
// / %/ ~ \\‘Tﬁ / ,,,,, 7/ _—

/ / ¢ | -
i e
/ / ,/ 2 AT W // 25\mm
ARG [ —r
15 mm | 1
\I 7|/—30 mm#— 65 mm /
#— 70 mm i 190 mm ,’/ 70 mm

Figure 4-23 Schematic diagram of Surface Crack Tension Specimen

92



a) Point1
0.00044
0.0004
0.00036
0.00032
0.00028
0.00024
0.0002
0.00016
0.00012
0.00008
0.00004
0

Strain (€)

“ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

o £

0.2 04 0.6 0.8 1 1.2
Overall hole depth (mm)
==¢==Strain Gauge 1 == Strain Gauge 2 Strain Gauge 3

Figure 4-24 Strain reading versus depth at point 1
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Figure 4-25 Residual stress distribution versus depth at point 1
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a) Point2
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Figure 4-26 Strain reading versus depth at point 2
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Figure 4-27 Residual stress distribution versus depth at point 2
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Figure 4-28 Strain reading versus depth at point 3
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Figure 4-29 Residual stress distribution versus depth at point 3
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4.5 Comparison of residual stresses

The comparisons of residual stress measurements in the peened and unpeened regions
of the specimens used in this study were plotted together collectively, as shown in
Figure 4-30. It can be observed that the maximum compressive residual stress measured
by ICHD is around 500MPa for both peened regions induced by cavitation shotless
peening and by shot peening. The maximum depth of compressive residual stress
induced by cavitation shotless peening was around 0.5mm, while the maximum
compressive residual stress induced by shot peening was around 1mm before converting
into tensile residual stress, as can be seen in Figure 4-30. The results from this study are
compared with the data from the open literature of residual stress induced by LSP on
carbon-manganese ship structural steel grade DH275 with a yield strength of 436MPa
[175] as shown in Figure 4-30. The data from the literature were measured by using
different methods such as ICHD, neutron diffraction and contour method. It can be
observed that the maximum compressive residual stress induced by LSP measured
ICHD was around 350MPa, which is around 60-70% of the material’s yield strength
and by using different measurement technique to measure the depth of compressive
residual stress is around 2.7mm, which is ICHD measured up to 1mm and ND start to

be measured from around 0.7mm beneath the surface.
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Figure 4-30: Comparison of residual stresses
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4.6 Summary

In order to identify the nature and depth of residual stress generated by cavitation
shotless peening and shot peening in HSS, the residual stresses measurements have been
taken in this chapter. The residual stress distributions on a partially peened 4-point bend
and dog-bone tension specimen have been measured. ICHD has been used to measure
residual stress distribution and the residual stress has been calculated by using a non-
uniform stress integral method. The 4-point bending specimen was treated by cavitation

shotless peening and the middle tension M(T) dog-bone specimen by shot peening.

The residual stress results of the 4-point bending fatigue test specimen show that the
cavitation shotless peening causes a compressive residual stress at the peening area in
both longitudinal and transverse directions. The magnitude of the compressive residual
stress in the peening region is around 400MPa in a longitudinal direction and around
300MPa in a transverse direction. The residual stress results indicate that the cavitation
shotless peening causes compression until 0.4mm depth through the specimen. The
residual stress generated due to the manufacturing process of the specimen is
compressive residual around 200MPa in a longitudinal direction and around 100MPa in
a transverse direction. The residual stress at the region between the two peened regions
indicates that there is a tensile residual stress around 300MPa and 100MPa in
longitudinal and transverse directions, respectively. Figure 4-31 and Figure 4-32 show a
3-D residual stress distribution in longitudinal and transverse directions respectively
based on sparse measurement points for the 4-point bending specimen.

The residual stress results from the tension specimen show that the shot peening causes
a compressive residual stress at the peening area in both longitudinal and transverse
directions. The magnitude of residual stress at the peened region point is around
500MPa in a longitudinal direction and around 400MPa in a transverse direction. The
compressive residual stress depth created by shot peening is around 1mm from the
surface. The tensile residual stress between the two shot peened regions is around
150MPa and 50MPa in longitudinal and transverse directions, respectively. Figure 4-33
and Figure 4-34 show 3-D residual stress distribution in the tension fatigue test based on
extrapolated measurement points. The results are important to justify the FCGR result

of partially peened specimens as one of the main objectives of this thesis.
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Figure 4-31: 3-D illustration of longitudinal residual stress distribution in 4-point bending

specimen

200
= 100 g 100
g 0 el o
g @
Kg -100 w;'gg’, Y R g
77 5 T S
o = TSRS S 2 -1
: Seerseios 5
7 s =
& -300 E -200
7
-300
£ 300
50
40 150 -400

100
Specimen length (mm)

Specimen width (mm) A 20

Figure 4-32: 3-D illustration of transverse residual stress distribution in 4-point bending

specimen

98



g o 8

IS
8

Residual Stress (MPa)

Residual stress (MPa)

40 300
Specimen width (mm) 30 100 150

Specimen length (mm)

Figure 4-33: 3-D illustration of longitudinal residual stress distribution in tension

specimen

- =
g g
= e
£ g
E 7
; =

@Y

7

50
40 30 = 100
Specimen width (mm) Specimen length (mm)

Figure 4-34: 3-D illustration of transverse residual stress distribution in tension specimen
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5 The Influence of Partial Surface Shot Peening On Fatigue
Crack Growth

5.1 Introduction

Surface treatment is known to be an efficient technique to improve the fatigue life of
engineering components and structures [176]. Shot peening is one of the mechanical
surface treatment techniques used to create compressive residual stresses underneath the
surface to reduce the effective local stresses and improve structural integrity and fatigue
resistance in structures. Shot peening is performed by projecting small particles at high
speed onto the surface of the material, leading to a local plastic deformation on the
surface. By using this technique a compressive residual stress field appears in the
surrounding elastically deformed material [177, 178].

A review of the past studies has revealed that shot peening influences the fatigue crack
initiation and growth behaviour of engineering materials. However, the influence of
partial peening on subsequent FCG behaviour is yet to be investigated and compared
with similar specimens with no peening. Applying partial surface peening has
advantages over conventional full peening, such as being cost-effective, less time-
consuming and it minimizes the area of peened surface that is subjected to erosion. In

the present study, partial shot peening areas were introduced in Optim700QL HSS

specimens. The HSSs provide advantages over conventional steels where the strength to
weight ratio is important. HSSs with yield strength ranging from 500 to 700MPa are
being increasingly used in a wide range of applications, from offshore and aerospace to
the power generation industry, involving production jack-ups with demanding

requirements [155].

In this chapter, partial shot peening was implemented at three different distances from
the initial notch tip in dog-bone specimens to study the subsequent effects on the FCG
and crack retardation behaviour of the material. The results from these tests are
presented below and compared with the FCG behaviour of the material in unpeened

specimens.
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5.2 Experimental details

5.2.1 Material and specimen design

The material used in this study is Optim700QL HSS. The mechanical properties and
chemical composition of this material are summarised in Table 5-1 and in Appendix E.

This material is used for offshore structures such as jack-ups and moorings due to its
advantages over conventional steel where the strength to weight ratio is high.

Table 5-1: Chemical composition and Mechanical properties of Optim700QL [179]

Chemical composition of Optim700QL

Element WT%
C 0.156
Sl 0.32

MN 0.99
P 0.009
AL 0.047
NB 0.002
\% 0.01
TI 0.023
CuU 0.023
CR 0.59
NI 0.2
MO 0.198
B 0.0016
ZR 0.002

Mechanical properties of Optim700QL

Ultimate Tensile Strength (MPa) 833
Yield Strength (MPa) 690

Dog-bone shaped test specimens were extracted from a 25mm thick plate in such a way

that the loading axis was parallel to the rolling direction of the steel plate. Figure 5-1
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illustrates the specimen geometry details as well as the initial notch details, which were
introduced into the specimen using the EDM method. The dog-bone specimen has been
designed based on the ASTM E740 standard. As shown in Figure 5-1, the maximum
width and length are 80mm and 330mm respectively, while the thickness and radius of
curvature are 15mm and 40mm respectively. Three nominally identical specimens were
machined and then subsequently subjected to partial shot peening to different extents,
with respect to the initial notch tip. The partial shot peening was applied on both top and
bottom faces as well as on the side of specimens, as shown in Figure 5-1. Note that in
this figure A is the size of the unpeened region at the mid-width of the sample. Table
5-2 shows the details and number of specimens used in this study. As seen in this table,
samples with 10, 20 and 30mm unpeened region at the mid-width are denoted A10, A20

and A30, respectively whereas the specimen with no peening is called A60.

Table 5-2: Test matrix

Specimen name Extent of the unpeened area A Number of specimens
A60 Without peening 1
A10 10mm 1
A20 20mm 1
A30 30mm 2
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Figure 5-1: Test specimen and notch details

5.2.2 Partial surface shot peening details

A shot peening technique, in which the surface is blasted with millions of small metallic
or ceramic spheres, was used to introduce compressive residual stresses on the outer
surface of the specimens. There are various factors which influence the level of residual
stresses due to shot peening, such as shot hardness, shot size and peening intensity [180,
181, 182, 183]. In this study, a dual peening process was used to introduce partial
peening areas on specimens. The dual peening process provides uniform compressive
residual stresses on the peened surface by using smaller shot and lower intensity to
drive the peaks into the valleys that are left from the first peening process. The dual
peening enhances the fatigue strength of the material [184]. Table 5-3 shows details of
the dual peening process used in this study. The shots used were made of cast steel shot
in both processes, with the media diameters being 1.9812mm and 0.5842mm for the
first and second operations, respectively. The media flow rates were 8kg/min and
6kg/min for the first and second operations, respectively. The nozzle stood at a distance

of 150mm from the test specimens at a 90° angle.
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Table 5-3: Shot peening process details

Operation details S780H Shot Peening (1st S780H Shot Peening (2nd

Operation) Operation)

Media Type Cast Steel Shot Cast Steel Shot

Media Diameter 1.9812mm 0.5842mm

Media Mass 32.00414mg 0.82055mg

Media Particles per 100g 3,125 121,869

Media Flow Rate 8kg/min 6kg/min

Nozzle Stand off 150mm 150mm

Peening Angle 90° 90°

5.2.3 Fatigue crack growth testing

Tension-tension fatigue tests were carried out in ambient temperature of 25°C, 3Hz
frequency, maximum load of 90kN and load ratio of R = 0.1. An Instron machine
equipped with a 250kN load cell was used to perform these tests. The pre-cracking has
been done for tension fatigue specimens to reduce the machining effects at the initial
notch tip. The pre-cracking started with the maximum load of 120kN which was
gradually reduced to 90kN towards the end of pre-cracking. A constant R-ratio of 0.1
was maintained during the pre-fatigue cracking process. The sinusoidal wave loads were
implemented in the wave matrix software provided by Instron and applied to the
samples. The implemented test method in the software contains three steps for
continuous fatigue crack propagation. These three-steps, as shown in Figure 5-2, are
described as follows:

a) Step 1: The specimen was ramped up to the minimum load (within 2 seconds).
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b) Step 2: Sinusoidal load was applied between the maximum and minimum loads.
c) Step 3: The test was ramped down to zero load at the end of the test.

Step I Step II Step IIT
) : Max. load
1
1
= _ _ ! ___Meanload
) .
=
) 1
3 __ 1 ___ Min. load
\
I
1

Time (s)

Figure 5-2: Demonstration of the test method implemented in the wave matrix

5.2.4 Crack growth monitoring and fatigue crack growth rate calculations

The crack length was monitored during fatigue tests using a StreamPix5 digital camera.
The crack length data were recorded and collected manually in conjunction with the
cycle numbers, as shown in Figure 5-5 to Figure 5-9. The data were presented as total
fatigue crack length against the number of cycles where the total crack lengths were
calculated by Equation 5-6 and are shown in Figure 5-3. An example of the crack
growth monitoring process is shown in Figure 5-4. The SIF range AK for this specimen

geometry was calculated according to ASTM E647 by using the following equations:

2a .
o=— Equation 5-1
W
AK = AP [za ot Equation 5-2
B V2w 2

In Equation 5-1 and Equation 5-2, a is the total crack length, W is the total width of the
specimen, B is the specimen thickness and AP is the difference between the maximum

load B,,,, and minimum load P,,,;,,.
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The FCGR, which is the crack extension rate due to fatigue loading, can be represented
by the average crack extension per cycle. The seven-point incremental polynomial
technique, which is suitable for a test performed continuously and smoothly, has been

used to calculate the FCGR in accordance with ASTM E647 [185].

a :bo+b1(NiC_C1)+b2(N‘C_C1)2 Equation 5-3
2 2
where
—1< (Nic_ Cl) <+1 Equation 5-4
2
(e = (6)/(C;)+20,(N,~C)/ C: Equation -5

where: bo, by, and b, are the regression parameters that can be determined by the least
squares method.

Total crack length=D, +a, +d Equation 5-6

Where: D, represents the notch diameter (Dn=5mm), as represents the crack starter
(as=2mm) and d represents the distance to peening area.

shot shot
peening peening

area area

Figure 5-3: Illustration of initial notch regarding peening area
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Figure 5-4: Crack growth monitoring during fatigue tests

60

55 |

50
45
40
35
30
25
20
15
10

Total crack length (mm)

i 2
¢ A10 s
. ¢
i // Peened region
K 4
0 200000 400000 600000 800000 1000000

No. of Cycles (N)

Figure 5-5: Fatigue crack growth data for A10
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Figure 5-6: Fatigue crack growth data for A20
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Figure 5-7: Fatigue crack growth data for A30-1
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Figure 5-9: Fatigue crack growth data for A60
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5.3 Experimental results from fatigue crack growth tests

The FCG data from each test were analysed using the equations and procedure detailed
in section 5.2.4. The FCGRs, da/dN, for each test are correlated with the SIF range 4K
and the results are shown in Figure 5-11, Figure 5-12, Figure 5-13 and Figure 5-14 for
the A10, A20, A30 and A60 specimens, respectively and the collected data from various
tests are compared with each other in Figure 5-17. Note that the loading conditions and

cyclic frequency were kept the same in all FCG tests performed in this study.

5.3.1 Fatigue test results for the A10 specimen

Specimen A10, contains a peening area 1.75mm from the head of the crack tip from
each side. The total distance ahead of crack tip before reaching the peening area was
3.5mm. The A10 specimen was tested under tension-tension fatigue loading conditions.
It was observed during the test that the FCG became retarded when the fatigue crack
reached the peened region in the sample, as shown in Figure 5-10. The FCGR versus
SIF range in the log-log scale for the A10 specimen in Figure 5-11 shows that there is
deceleration in the early stage of the test and this is interpreted as fatigue crack
retardation. Except for the retardation in the early stage in the FCG test, it can be seen
that there is a relatively linear relationship between FCGR da/dN and SIF range 4K for
the rest of the test. As shown in Figure 5-11, the retardation due to the beneficial
compressive residual stress in the peened area occurred in this specimen at the
beginning of the test.

4,
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Figure 5-10: Fatigue crack growth retarded in the peened area
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Figure 5-11: Fatigue crack growth results for A10

5.3.2 Fatigue test results for the A20 specimen

Specimen A20 which has a peened area 6.5mm from the head of the notch tip was
tested under fatigue loading conditions and the results are shown in Figure 5-12. It can
be observed in this figure that compressive residual stresses induced as a result of shot
peening have decelerated the crack growth once the crack reached the peened region.
Further seen in Figure 5-12 is that the FCGR shows an increasing trend with an increase

in 4K after the crack has entered the peened area.

5.3.3 Fatigue test results for A30 specimen

The FCG results obtained from the A30-1 and A30-2 specimens are presented in Figure
5-13. It can be seen in this figure that the FCGR decreases gradually when the fatigue
crack reaches the peened area, which is a behaviour consistent with what was observed
in the A20 and A10 specimens. Similarly, this reduction in the FCG trend is thought to
be due to compressive residual stresses in the loading direction. Also, it can be observed
that the starting points of the FCGR of A30-1 and A30-3 are different due to the

uncertainty in machining of the starter notch by EDM.
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Figure 5-13: Fatigue crack growth results for A30
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5.3.4 Fatigue test results for the A60 specimen

FCG test results from the tests performed on the A60 unpeened specimen are shown in
Figure 5-14. The fatigue test results obtained from the unpeened specimen show that
there is a smooth increase in FCGRs with an increase in the SIF range when the data are
plotted in log-log axes, with no evidence of crack retardation (reduction in FCGR) in
this sample. The results from the A60 unpeened specimen are compared with the data
from the open literature on other grades of steel such as 50D with a yield strength of
370MPa (in unpeened condition), tested under load ratio 0.1 [186] and SE702 with a
yield strength of 780MPa (in unpeened condition) [187] tested under load ratio 0.7 in
Figure 5-14. It can be seen in this figure that the FCG versus stress intensity range data
for all materials exhibit similar trends. The Optim700QL steel appears to have better

resistance to FCG compared to SE702 steel and is less fatigue resistant compared to

50D steel.
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Figure 5-14: Fatigue crack growth rate for A60
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5.4 Fractography

All FCG specimens were soaked in liquid nitrogen for 30 minutes post-testing and then
broken open by loading them under tension on an Instron machine. The fracture surface
of all FCG specimens were examined after being broken open and those for the A10 and
A30-1 specimens are shown in Figure 5-15 and Figure 5-16, respectively, as examples.
These pictures show that distinctive regions can be clearly observed on the fracture
surface of the broken open specimens. First of all, the pre-cracking area, where the
fatigue load was reduced from 120kN to 90kN, leads to the generation of beachmarks
on the fracture surfaces, which can be observed and identified on the fracture surface.
The next region observed on the fracture surface is the fatigue propagation region which
is clearly demarcated on the fracture surface. Also, it can be clearly seen that a
transition area from fatigue to fast fracture is observed towards the end of the tests
where the SIF approaches its critical K;c value in the accelerating FCG region. Crack
tunnelling is also apparent at the end of the transition region which demonstrates a
faster crack growth at the mid-thickness of the specimen, compared to the outer sides of
the specimen. This transition region is followed by a fast fracture region at the end of
the fracture surface which appears to be shinier than the rest of the fracture surface.
Also observed in Figure 5-15 and Figure 5-16 is that there are shiny edges in both the
A10 and A30-1 specimens which happened to be in the shot peened area. Knowing that
shot peening induces compressive residual stresses on the outer surface of the
specimens, which subsequently retard the FCG, the force-balance characteristic of
residual stress leads to a tensile residual stress field in the mid-thickness of the test
specimens. The tensile residual stress forces the fatigue crack to grow faster at the mid-
thickness of the specimen and it is retarded at the outer surface of the specimen, which
leads to a more severe crack tunnelling in these partially surface shot peened specimens,
as seen in Figure 5-15 and Figure 5-16. This implies that when an optical technique is
used to monitor the crack growth on the outer surface of partially peened specimens,
some inaccuracies might be encountered in FCG measurements. This is due to crack
tunnelling, and hence a greater difference between the crack growth at the mid-
thickness of the sample and the extent of the crack extension is measured using a

camera at the outer surface of the specimen.
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Figure 5-16: Fracture surface for A30 specimen
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5.5 Discussion

The FCG results from the tests performed in this study are collectively shown and
compared in Figure 5-17. This figure clearly demonstrates that partial surface shot
peening significantly influences the FCG behaviour of the material. The results of the
A60 test data show that the FCGR linearly increased with an increase in the SIF range
when the data were plotted in log-log axes. This behaviour is known as the Paris law
and is typically observed in all FCG tests [4]. It can be seen in Figure 5-17 that a
reduction in FCGRs was observed in all specimens, which were partially peened, with
the A10, A20 and A30 specimens showing a retardation at lower, intermediate and
higher AK values at the entrance of peened region, respectively. This shows that the SIF
range at which the fatigue crack retardation occurs increases as the area of the unpeened
region increases on the surface of the examined specimens. The presented test results
have been divided into three regions in Figure 5-17 for clarity. At lower range of SIF
(region 1), it can be observed in Figure 5-17 that there is no noticeable difference in the
FCG results, though the fatigue crack in A10 specimen has already entered the peened
region and shows a slight drop in FCG rate. The most interesting region is the
intermediate SIF range of 15-30MPaVm, which is referred to as region II in Figure 5-17,
in which the partial peening area has significantly affected the FCGRs in all of the
partially peened specimens, as demonstrated in Figure 5-18. The comparison of the test
results from A10, A20 and A30 specimens in region Il shows that the highest and
lowest FCG trends were observed in A10 and A60 (i.e. unpeened) specimens,
respectively, with the test data from A20 and A30 samples falling in between and close
to each other. It can be seen that within region Il the SIF range for a given value of AK,
the FCGR in the A10 partially peened specimen is around twice faster than the
unpeened sample. This indicates that although the FCG is retarded as a result of partial
surface shot peening, the FCG trend shifts up simultaneously due to the formation of
tensile residual stresses at the mid-thickness of the specimen. Further observed in Figure
5-17 is that the extent of FCG rate reduction in the A20 specimen is greater than those
seen in the A10, A30-1 and A30-2 specimens. The fatigue test results confirm that the
extent of tensile residual stresses increases as the size of the unpeened region decreases
in the partially shot peened specimens. In other words, if surface shot peening is used

to introduce compressive residual stresses in a component, and subsequently reduce
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FCGRs, a partially unpeened region can lead to a significant increase in the overall FCG
trends. Finally seen in Figure 5-17 is that in the highest SIF range of larger than
30MPaVm (region III) similar FCG trends can be observed in the unpeened and partially

peened specimens.
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Figure 5-17: Comparison between different fatigue crack growth trends

Knowing the shot peening induces compressive residual stresses on the outer surface of
the specimens, which subsequently retard the FCG, the force-balance characteristic of
residual stress leads to a tensile residual stress field in the mid-thickness of the test
specimens. In the present study, the crack introduced through the thickness implies that
the crack front is subjected to compressive residual stress and tensile residual stress.
The crack front is subjected to compressive residual stress at the outer surface due to the
peening process while the crack front is subjected to tensile residual stress at the mid-
thickness of the specimen, as shown in Figure 5-19. Under tension-tension fatigue load,
the tensile residual stress forces the fatigue crack to grow faster at the mid-thickness of
the specimen and it is retarded at the outer surface of the specimen, which leads to a
more severe crack tunnelling in these partially surface shot peened specimens, as seen in

the fractography investigation. However, despite the fact that the full surface peening
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improves the fatigue crack initiation (S-N curves) according to the data in the literature,
the observed trends in this work suggest that fatigue crack propagation will be the

fastest in fully peened specimens.
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Figure 5-18: Illustrative diagram demonstrating the effect of partial peening on FCGR
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Figure 5-19: Schematic diagram for a cross section of the dog-bone specimen
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5.6 Summary

This chapter presented the experimental investigation into the effect of a partial shot
peening on FCGR under tension-tension fatigue loads. Dog-bone specimens were
fabricated from high strength ferritic steel with a yield strength of 690MPa. A total of
five fatigue tests were carried out under different, partial shot peening regions with
respect to crack tip and specimen symmetry line. The loading conditions were kept the
same during all the FCG tests performed in this study with a maximum fatigue load of
90kN and load ratio of 0.1. The FCG results of peened specimens were compared with
those obtained from the specimen geometry but with no peening. The results show the
partial shot peened region ahead of the initial notch tip plays a significant role in the
fatigue crack behaviour of the material. The FCGs were retarded when the fatigue crack
reached the peened region due to beneficial residual stress existence. Although partial
peening resulted in crack retardation as the crack entered the peened region, the overall
fatigue crack growth rate for the majority of region Il was higher for the peened samples
compared to the unpeened sample. The tensile residual stress generated in the mid-
width of the specimens due to the partial shot peening region led to the acceleration of
the fatigue crack propagation. The tensile residual stress generated in the mid-thickness
of the specimen caused crack tunnelling. The fatigue test results show that the partial
shot peened region led to a crack growth rate around twice as fast as that of the
unpeened specimen. The partial peening is harmful for specimens under tension-tension
fatigue load due to the fatigue crack front facing tensile residual stress region in the
mid-thickness of the specimen which can lead to accelerate of the FCGR. In the case of
fatigue crack or defect/flaw existence under tension-tension fatigue load, applying shot
peening on the entire surface can affect the fatigue crack initiation and growth due to

the fatigue crack front lying within the compressive residual stress.

120



6 The Influence of Partial Surface Cavitation Shotless
Peening on Crack Shape Evolution and Fatigue Crack
Growth

6.1 Introduction

The lifetime of structural components subjected to cyclic loading conditions is
influenced by different factors, such as pre-existing defects/flaws, operation
environment, effective stresses and the number of fatigue cycles. The effective stresses
in components and structures may consist of applied stresses and residual stresses
induced during fabrication processes such as welding, surface treatment, bending, etc.
The residual stresses can be beneficial (i.e. compressive) or harmful (i.e. tensile)
depending on their pattern and magnitude. The introduction of compressive residual
stresses in components and structures is known to be an efficient tool to improve the
fatigue life and enhance the mechanical properties of the engineering components and

structures.

Most fatigue failures in engineering components occur due to surface cracks/defects and
the remaining lifetime strongly depends on the material’s resistance to surface crack
growth [188]. Therefore, surface treatment prior to operation can potentially play a
significant role in the life extension and fatigue resistance of structural components.
Various studies have been carried out in the past to investigate the effects of residual
stresses, induced into structural components due to surface treatment, on the subsequent

fatigue behaviour of engineering materials.

Although some limited studies have been performed in the past to examine the influence
of cavitation shotless peening on the structural integrity of metallic materials, the
influence of cavitation shotless peening on the FCG behaviour of HSSs has received
little attention so far to expand the application of this surface treatment technique to
wider industries such as offshore oil & gas and offshore wind. Cavitation shotless
peening has advantages over conventional peening methods, such as better surface
finish and penetration depth of residual stress up to 0.5mm. In this chapter, an
experimental investigation has been conducted to examine the influence of a peened

area on surface crack evolution and propagation in a high strength ferritic steel. The
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results obtained from the experiments are presented and discussed in terms of the
effectiveness of the partial surface shotless peening technique in crack retardation and

fatigue life extension of engineering components and structures.

6.2 Experimental details

6.2.1 Material and specimen design

The material used in this project is Optim700QL high strength ferritic steel. The
mechanical properties and chemical composition of this material have been summarised
in Table 5-1. To conduct this study, 4-point bend specimens were machined from an
Optim700QL plate. As seen in Figure 6-1 the 4-point bend specimens had 330mm
length, 100mm width and 25mm thickness. As shown in Figure 6-1, a semi-circular
starter notch with a radius of 5mm was machined at the centre of the 4-point bend
specimens. The specimens were partially peened using the cavitation shotless peening

technique for 120mm along the axial direction of the specimen geometry.

Cavitation Shotless peening

L 330 mm 1L
¥ (Transverse direction)

L X (Longitudinal direction)

Figure 6-1: Geometry of 4-point bend test specimen
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Seven test specimens with different extents of cavitation shotless peening areas, with a
10, 20 and 30mm gap in the unpeened region (see the “A” dimension in Figure 6-1),
were prepared and tested in total. Visual inspection shows that cavitation shotless
peening leads to a good surface finish on which it is hard to distinguish between peened
and unpeened regions. Figure 6-2 shows the surface finish of Optim700QL high strength
ferritic steel treated by cavitation shotless peening and shot peening. The number of
tests performed on specimens with different extents of partially peened area and the
corresponding loading conditions in each test are summarised in Table 6-1. The applied
loads for each test were chosen by considering the SCF and vyield strength of the
material to avoid any significant plasticity at the crack tip. The SCF solutions for this
geometry were found in Peterson’s Handbook [189] in which the SCF value for the

specimen dimensions employed in this project was found to be 2.9.

Table 6-1: Fatigue crack growth test matrix for 4-point bend specimens

_ Extent of the Number of _
Specimen 1D ) Operation load
unpeened area, A specimens
Al0-1 10mm 1 Max. load = 70kN
A20-1 20mm 1 Min Load = 7kN
A30-1 30mm 1 Load ratio = 0.1
A60-1 Without peening 1 Loop wave matrix
Al10-2 10mm 1 Max. load = 60kN
A20-2 20mm 1 Min Load = 6kN
Load ratio = 0.1
A30-2 30mm 1

Loop wave matrix
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Figure 6-2: Surface finish of cavitation shotless peening and shot peening

6.2.2 Fatigue test set-up

FCG tests were set up and conducted on four-point bend specimens using a servo-
hydraulic Instron machine with maximum load carrying capacity of 100kN, as shown in
Figure 6-3. The schematic force and moment diagrams for a 4-point bend test are
schematically shown in Figure 6-4. The applied load was calculated by considering the
SCF to avoid the plasticity at the notch tip. In order to examine the influence of
different stress levels on the FCG behaviour of the material, two maximum load cases
of 70kN and 60kN were considered. The load R-ratio of 0.1 and frequency of 3Hz were
applied in all tests. A summary of the loading conditions applied in all tests is given in
Table 6-1.
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Figure 6-3: Experimental set-up of four-point bend fatigue test

SHEAR Specimen

! MOMENT

Figure 6-4: Schematic diagram for 4-point bend test set-up
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6.2.3 Crack inspection and monitoring

The Alternating Current Potential Difference (ACPD) technique was used to measure
and monitor the crack depth during FCG tests. The ACPD is a non-destructive
technique in which the current is injected through a conductor and this causes the
current to flow in a thin layer on the outer surface, which is often referred to as the skin
effect. High surface voltage is generated as a result of the current passing through the
small section area of the material [190]. The ACPD requires two connections between
the specimen and the instrument, which are the field connection, or current output, and
the voltage input. The voltage input can be from a single probe or from a multi-number
of probes to monitor crack growth during the test [191, 192]. In this technique, the
alternating current (AC) is injected at one side of the crack (P1) and flows along the
specimen surface, down and up the crack, and out through the another side of the crack
(P2) as shown in Figure 6-5. The current passes through the thin skin of the specimen’s
thickness (8) and encompasses the crack of depth (d). The dropping in the voltage is
measured by a probe with a fixed distance between its electrodes (A). [193]

Al V.
d=—|-2-1 Equation 6-1
where: V; represent the reference voltage which is measured away from the crack, and
V; represent the voltage measured across the crack sides. The voltage ratio represents

the crack depth by means of a calibration procedure.
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Figure 6-5: Schematic diagram of the ACPD technique-surface crack [193]
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In this work, in order to monitor the crack growth, the voltage connections were held in
fixed positions on the specimen. This was done by using spot welded pins as shown in
Figure 6-6. An eight-set of spot welded pins was used to monitor the crack evolution
and growth in the test specimens and a pin was used to eliminate common-mode
voltages, as seen in Figure 6-7. The crack depths were auto-recorded in (mm) by using
an ACPD Crack Microgauge-TSC [194].
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Figure 6-6: Map of spot welded pins distribution along the width of the specimen

Figure 6-7: ACPD wires connected to spot welded pins on the specimen
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6.2.4 Fatigue crack growth test method

FCG tests were carried out on 4-point bend specimens at the ambient temperature of
25°C. The sinusoidal wave loads were implemented in the wave matrix software
provided by Instron and applied to the samples. A loop wave matrix was employed in
the fatigue tests to account for an extra step to hold the specimen under mean load while
the crack mouth was open for accurate ACPD measurements to be made, as
schematically shown in Figure 6-8. A sequence of loops was designed in the wave
matrix to apply fatigue loading to the test specimens. Each loop was divided into three

steps with a total time of 14.5 minutes. These three steps are described as follows:
Step 1 : The specimen is ramped up to the minimum load (within 2 seconds).
Step 2 : The sinusoidal load is applied between the maximum and minimum loads.

Step 3 : Holding for 26 seconds at the mean load to allow ACPD measurement to be
made while the crack mouth is open.

Holding at Holding at
mean load mean load
(30 sec) (30 sec)

The machine I Load cycling (14.5 mimutes) - Load cycling (14.5 minutes) -

15 minutes ' 15 minutes t‘
ACPD L

Taking reading Taking reading
Max. load
M |n'| ||(| i |I|“III A A I'I“'I |'ﬂ'| I“ll I"'II
[ | A {1 AEARR M A
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E | II| [ II I' ||l .I II| 'I III [ | II| [ |II I|| f | II| |II Ill |
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Time

Figure 6-8: Schematic diagram of the loop wave matrix
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6.2.5 Fatigue crack growth analysis

The SIF range AK for the specimen geometry considered in this study was calculated
according to the Newman & Raju model [166]. This model involve equations to
calculate the SIF for the semi-elliptical surface crack, which depends on crack length,
crack depth, plate width, plate thickness and parametric angle for bending and tension
load. The model was originally derived based on a 3-D finite element analysis for an

elastic plate subjected to pure bending or tension loading conditions.

According to the Newman & Raju [166] model, the SIF for combined bending and

tension load can be calculated using:

a a a
K, =(S + HSb)«’ﬂaF(?,Ea

where K; is the SIF for Mode I. The full procedure is detailed in Appendix F.

X)) Equation 6-2

oT|lo

The FCGR, which is the crack extension rate due to fatigue loading, can be represented
by the average crack extension per cycle. A seven-point incremental polynomial
technique, which is suitable for a test performed continuously and smoothly, has been
used to calculate the FCGR in accordance with ASTM E647 [185] as explained in

section 5.2.4.

6.3 Experimental results from fatigue crack growth tests

6.3.1 Crack length measurements

The fatigue tests were conducted on 4-point bend specimens. Seven specimens were
tested to investigate the effect of partial peening on the FCG behaviour under bending
loads. The FCG was monitored throughout the width and thickness of the specimens
using ACPD. The ACPD probes were allocated to A10, A20 and A30 on fixed
distances, as shown in Figure 6-9, Figure 6-11 and Figure 6-13, respectively. As
explained earlier and seen in Table 6-1, the first four specimens, denoted A10-1, A20-1,
A30-1 and A60-1, were tested under 70kN maximum load and load ratio of R = 0.1,
whereas the last three specimens, denoted A10-2, A20-2 and A30-2, were tested under
60kN maximum load and R = 0.1. The fatigue crack length measurements, obtained

from ACPD measurements, plotted against the number of fatigue cycles, are as shown
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in Figure 6-10 to Figure 6-15 for A10-1, A20-1, A30-1 and A60-1, respectively. The
datasets presented in this figure are given for 10-80mm distances from the outer edge of
the specimen (i.e. which has been taken as the reference point) along the width of the
specimen. Comparing the crack growth trends at 20mm and 80mm distances from the
outer edge it can be observed that similar trends are evident due to symmetrical peening
with respect to the specimen symmetry line. The FCG results show that the reading of
the probe lies at mid-width of the specimens (50mm away from the outer edge and
along the specimen symmetry line) and is around 0.5mm, which is the depth of the
machined crack as the starter crack. Figure 6-12 shows that the fatigue crack was
initiated at the mid-width of the specimen (50mm away from the outer edge and along
the specimen symmetry line) where the started crack was machined into the specimen.
Also seen in this figure and the results obtained from other tests performed under 70kN
maximum load, is that no evidence of crack retardation due to cavitation shotless
peening was observed in the FCG behaviour of this specimen, which was tested at 70kN
maximum load, and smooth crack growth trends were measured throughout the entire
duration of the fatigue tests. However, in the remaining three tests under 60kN
maximum load, the crack retardation is evident in the crack growth data, as shown in
Figure 6-16 to Figure 6-18 for A10-2, A20-2 and A30-2, respectively.
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Figure 6-9: Map of spot welded pins distribution along the width of the A10 specimen
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Figure 6-10: Fatigue crack growth data versus number of cycles for A10-1 specimen

120 mm

A
S

10 mm
10 mm
10 mm
10 mm
10 mm

10 mm

100 mm

10 mm
10 mm

10 mm

lﬂlm.m
! 160 mm |

170 mm ‘

180 mm

Figure 6-11: Map of spot welded pins distribution along the width of the A20 specimen
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Figure 6-12: Fatigue crack growth data versus number of cycles for A20-1 specimen
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Figure 6-13: Map of spot welded pins distribution along the width of the A30 specimen
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Figure 6-14: Fatigue crack growth data versus number of cycles for A30-1 specimen
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Figure 6-15: Fatigue crack growth data versus number of cycles for A60-1 specimen
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Figure 6-16: Fatigue crack growth data versus number of cycles for A10-2 specimen
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Figure 6-17: Fatigue crack growth data versus number of cycles for A20-2 specimen
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Figure 6-18: Fatigue crack growth data versus number of cycles for A30-2 specimen

6.3.2 Crack shape evolution results

The fatigue crack shape evolution was monitored during the fatigue test using ACPD
probes attached along the width of the specimens. The fatigue crack length readings
from each probe are plotted against the distance of the probe from the outer edge in
Figure 6-20, Figure 6-21, Figure 6-22 and Figure 6-23 for A10-1, A20-1, A30-1 and
A60-1 respectively and, as shown in Figure 6-24, Figure 6-25 and Figure 6-26 for A10-
2, A20-2 and A30-2, respectively. For each of the test specimens, these measurements
were repeated at different cycle numbers to capture the crack shape evolution
throughout the fatigue tests. Comparing Figure 6-20, Figure 6-21, Figure 6-22 and
Figure 6-23, it can be seen that for a given loading condition (maximum load of 70kN
with R = 0.1) the extent of partial surface peening significantly influences the crack
shape evolution in various specimens. It can be clearly seen in these figures that the
deepest crack in all specimens has been measured at the mid-width of the samples, as
expected, and shorter cracks were found in the peened areas where the compressive

residual stresses existed. Comparison of Figure 6-20, Figure 6-21 and Figure 6-22, also
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shows that the FCG at the mid-width of the A10-1 specimen was faster than A20-1 and
A30-1. This is thought to be due to higher tensile residual stresses in the unpeened
region in this specimen. These figures confirm that the partial surface peening controls

the fatigue crack evolution shape and rate in the bend specimens.

Figure 6-27 shows the evolution of crack aspect ratio for the specimens tested under
pure bending in this project. The crack aspect ratio is here defined as the ratio of fatigue
crack depth “a” to fatigue crack length “c”, which has been plotted against the ratio of
fatigue crack depth “a” to specimen depth “t”, as shown in Figure 6-19. Brennan et al.
have previously shown that under pure bending loads, the fatigue crack tends to grow to
an optimum ratio regardless of the initial crack shape [195]. Further observed and
reported in their study is that the crack shape evolution is dependent on material
anisotropy and loading modes, and is independent of the applied stress magnitude [195].
It can be seen in Figure 6-27 that due to partial cavitation shotless peening, which has
led to material anisotropy, the crack aspect ratio has been altered and deviates from the

favourable trend which is a straight line.
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Figure 6-19: Geometry of semi-elliptical crack

136



crack length (mm)

crack length (mm)

10

=t=3t N=101790
=@—at N=221850
==t N=281880
=¢=—2at N=341910
=t=2at N=401940
=23t N=461970

==t N=180090
==at N=240120
=23t N=300150
==t N=360180
== at N=420210
=gt N=480240

4 0
Speglmen Widt?] (mm)

=—at N=200970
==t N=261000

at N=321030
==t N=381060
=0==3at N=441090
=== gt N=501120

Figure 6-20: Crack Shape evolution for A10-1 specimen
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Figure 6-21: Crack Shape evolution for A20-1 specimen
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Figure 6-23: Crack Shape evolution for A60-1 specimen
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Figure 6-24: Crack Shape evolution for A10-1 specimen
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Figure 6-25: Crack Shape evolution for A20-2 specimen
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Figure 6-27: Aspect ratio of fatigue crack shape evolution for test specimens
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6.3.3 Fatigue crack growth rate results

The FCG data from each test were analysed using the equations and procedure detailed
in section 6.2.5. The FCGRs, da/dN, were calculated using a 7-point polynomial
technique for each test and correlated with the SIF range, 4K. It must be noted that for
the FCG analysis, the deepest crack lengths are measured at the mid-width of the

specimens when employed in calculations.

The FCGRs from the tests on A10-1, A20-1, A30-1, A60-1, are shown in Figure 6-28 to
Figure 6-31, respectively under 70kN pure bend fatigue load; the FCGR results for
A10-2, A20-2 and A30-2 at 60kN maximum pure bend fatigue load are shown in Figure
6-32 to Figure 6-34, respectively. For the first test on the A10-1 specimen it can be
observed in Figure 6-28 that the FCG results plotted against 4K show a linear trend in
the log-log scale and there is a drop in the FCGR in the early stages of the test which
corresponds to the time when the crack tip reached the partially peened area. For the
A20-1 and A30-1 results, it can be observed that there is a linear trend between the
FCGR and 4K in the log-log scale similar to A10-1, with a similar reduction in FCGR
when the crack tip enters the peened region. FCG test results from the tests performed
on the A60 unpeened specimen is shown in Figure 6-31. The fatigue test results
obtained from the unpeened specimen show that although some minor reductions in
FCGR have been observed in this sample presumably due to the inherent scatter in the
data,the overall trend is showing a continuous increase in FCG trend as the stress
intensity factor range increases. Figure 6-31 shows that within the inherent experimental
scatter, no noticeable drop in FCGRs is observed in the unpeened specimen, as
expected. This is due to the lack of residual stress distribution fields in the unpeened
specimen. It can be seen in Figure 6-32, Figure 6-33 and Figure 6-34 that a more
pronounced reduction in the FCGRs is observed in the specimens tested under a lower
load level, which is a consistent observation with those performed at the 70kN

maximum load.
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Figure 6-28: Fatigue crack growth results for A10-1 specimen
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Figure 6-29: Fatigue crack growth results for A20-1 specimen
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Figure 6-31: Fatigue crack growth results for A60-1 specimen
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Figure 6-33: Fatigue crack growth results for A20-2

144



1.E-07 1
3 1« y 4
g - N
E 1.E-08 -
= 1 A
S A Peened
3 2 .
A region
A
4 A30-2
1E'09 T T T T T LI | T T T T T LI B |
1 10 100
AK (MPavm)

Figure 6-34: Fatigue crack growth results for A30-2

6.4 Fractography

The ACPD measurements have been validated by comparing the final crack length
measurement at the end of the test with that measured on the fracture surface after the
specimen was broken open. The percentage of error in ACPD measurements at the
deepest point was found to be as small as +3%, which confirms that ACPD is a reliable
technique to estimate the crack length throughout the width of the samples. The FCG
specimens were soaked in liquid nitrogen for 30 minutes post-testing and then broken
open on an Instron machine. The fracture surface of all FCG specimens were examined
after being broken open and those for the A10-1 and A30-1 specimens are shown in
Figure 6-35 and Figure 6-36, respectively, as examples. These pictures show that
distinctive regions can be clearly observed on the fracture surface of the broken open
specimens, which have been identified and marked in Figure 6-35 and Figure 6-36. First
of all, the crack initiation region, where the fatigue crack initiated from the machined
notch with the typical semi-elliptical fatigue crack evolution shape, can be observed on

the fracture surface. It can be clearly seen that a transition area from fatigue to fast
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fracture is observed towards the end of the tests where the SIF approaches its critical
KIC value in the accelerating FCG region. Finally, the fast fracture region, due to the
specimen being broken open, can be observed on the fracture surface of the specimens.
Also noted in fractography studies is that the slower FCG behaviour in the peened
regions cannot be identified in the high resolution pictures; however, these regions have
been marked in Figure 6-35 and Figure 6-36 for the reader’s attention.

Fast fracture 1

Figure 6-35: Fracture surface for A10-1 specimen

146



e."”-l 1

H’HH[HHIHIIIIHI{HHIIIII]HIII||||’l|l|||||I‘llll]llll‘|||||||l|‘llll\lll
2 3 4

,v\
T — 2
// i 7’
Cavitation shotless peening Machined Notch Fast fracture

Figure 6-36: Fracture surface for A30-1 specimen

6.5 Discussion

The FCG results from the tests performed in this study are collectively shown and
compared in Figure 6-39. This figure clearly demonstrates that partial surface cavitation
shotless peening significantly influences the FCG behaviour of the material. The results
from the A60-1 test data show that the FCGR linearly increased with an increase in the
SIF range when the data were plotted in log-log axes. This behaviour is known as the
Paris law and is typically observed in all FCG tests [4]. It can be seen in Figure 6-39
that a reduction in FCGRs was observed in all specimens, which were partially peened,
with the A10, A20 and A30 specimens showing a retardation at lower, intermediate and
higher 4K values, respectively, for both applied load levels of 60kN and 70kN. This
shows that the SIF range, at which the fatigue crack retardation occurs, increases as the

area of the unpeened region increases on the surface of the examined specimens.

Firstly, the comparison of the tests results from A10-1, A20-1, A30-1 and A60-1
specimens in Figure 6-37 at 70kN pure bending fatigue load have been divided into two
distinct regions for clarity. At the lower range of SIF (region I), it can be observed that
the highest and lowest FCG trends were observed A60-1 (i.e. unpeened) and Al10-1
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specimens, respectively, with the test data from A20-1 and A30 falling in between and
close to each other. In Figure 6-37 (region I), the fatigue crack has already entered the
peened region. It can be seen that within region | SIF range for a given value of AK, the
FCGR in the A10-1 partially peened specimen is around three times slower than the
unpeened sample. This indicates that the partial peening area causes a reduction in
FCGR due to the fatigue crack in A10-1 having already entered the peened area. In
other words, if surface cavitation shotless peening is used to introduce compressive
residual stresses in a component and subsequently reduce FCGRs, a partially unpeened
region can lead to a significant decrease in the overall FCG trends under pure bending
fatigue load. However, in Figure 6-37 the highest SIF range of larger than 25MPaVm
(region 1) can be seen; it can also be observed that the highest and lowest FCG trends
were observed for the A30-1 and A20-1 specimens, respectively, with the test data from
A60-1 and A10-1 falling in between and close to each other. It can also be seen that
within region | SIF range for a given value of AK, the FCGR in the A30-1 partially
peened specimen is around twice slower than the A20-1 sample. This indicates that at
higher SIF range, the FCGR changed due to high estimated applied fatigue load leading
to the applied load dominating the effect of the residual stress of the FCG. So it has
been decided to reduce the fatigue load for the rest of the test specimens (i.e. A10-2,
A20-2 and A30-2).

Secondly, the comparison of the tests results from A10-2, A20-2 and A30-2 specimens
in Figure 6-38, at 60kN pure bending fatigue load, have been divided into two distinct
regions for clarity. At the lower range of SIF (region I), it can be observed that the
highest and lowest FCG trends were observed for the A20-2 and A10-2 specimens,
respectively, with the test data from A30-2 falling in between. In Figure 6-38 (region 1),
the fatigue crack in the A10-2 specimen has already entered the peened region. It can be
seen that within the region | SIF range for a given value of AK, the FCGR in the A20-2
partially peened specimen is around twice faster than the A10-2 sample. This indicates
that the partial peening area causes a reduction in FCGR due to the fatigue crack in
A10-2 having already entered the peened area. In other words, if surface cavitation
shotless peening is used to introduce compressive residual stresses in a component and
subsequently reduce FCGRs, a partially unpeened region can lead to a significant

decrease in the overall FCG trends under pure bending fatigue load. However, it can be
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seen in Figure 6-38 that in the highest SIF range of larger than 20MPa\m (region II),
the highest and lowest FCG trends were observed for the A30-2 and A10-2 specimens,
respectively, with the test data from A20-2 falling in between. It can also be seen that
within region | SIF range for a given value of AK, the FCGR in the A30-1 partially
peened specimen is around 1.5 times faster than the A20-1 sample. This indicates that
the partial peening area causes a reduction in FCGR due to the fatigue crack in A10-1
having already entered the peened area. In other words, if surface cavitation shotless
peening is used to introduce compressive residual stresses in a component and
subsequently reduces FCGRs, a partially unpeened region can lead to a significant
decrease in the overall FCG trends under pure bending fatigue load.

The FCG results from the tests performed in this study are collectively shown and
compared in Figure 6-39. Comparisons of the test results obtained from this study show
that for A10-1, A20-1 and A30-1 specimens have faster FCG trends, which are obtained
from the higher load tests (70kN maximum load) compared to those tested at a lower
load (i.e. 60kN maximum load), at around 1.5 for a given value of the SIF range. From
the results discussion, it can be observed that the partial cavitation shotless peening
effect is positive for FCGR, the FCGR dropped at the entrance of the partial shotless
peening and the general trend of FCG decreases with increases in the partial peening
area under pure bend load. This is due to the fatigue crack front being affected by
compressive residual stress induced by the peening region more than the tensile residual
stress, which leads to decreasing the FCG and improving the fatigue life, as shown in
Figure 6-40.
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Figure 6-37: Comparison of fatigue crack growth trends in different specimens under
70kN pure bend fatigue load
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Figure 6-38: Comparison of fatigue crack growth trends in different specimens under
60kN pure bend fatigue load
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Figure 6-39: Comparison of fatigue crack growth trends in different specimens
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6.6 Summary

This chapter presented the experimental investigation into the effects of partial surface
cavitation shotless peening on the FCG behaviour of HSS grade Optim700QL. Seven
specimens were tested under a 4-point bend fatigue load. Three distinct extents of
partial cavitation shotless peening, with respect to the crack tip and specimen symmetry
line, were applied to the specimen geometry. The specimens contained a circular
machined notch in the centre, with a radius of 5mm, to create a starter crack. The
experiment tests were conducted in air under two different values of maximum fatigue
load, which are 70kN and 60kN, with a load ratio and frequency of 0.1 and 3Hz,
respectively. ACPD with multi-probes were used to measure and monitor the crack
depth along the specimens’ width. The SIFs were calculated by using the Newman &
Raju model [166] for surface cracks and by adding the notch radius to crack depth as
proven by numerical simulation. The FCGRs results from these experiments have been
compared with those obtained from similar specimen geometry but with no peening.
The results show that the residual stress fields formed ahead of the initial notch tip due
to the peening process play a significant role in the fatigue crack evolution and
effectively result in decelerating the crack propagation of the material. The FCG
retardation was observed at lower, intermediate and higher 4K values when the fatigue
crack entered the peened region due to compressive residual stress. The SIF range in
which the fatigue crack retardation occurs increases as the area of the unpeened region
increases on the surface of the examined specimens. Also, the results show that the
partial peening causes decreasing in FCGR due to the compressive residual stress. The
partial surface peening is effective under pure bend fatigue load due to the fatigue crack
front facing only to compressive residual stress, which can be translated into a decrease
in FCGR. The partial cavitation shotless peened region ahead of the initial notch plays a
significant role in the fatigue crack behaviour of the material, in which the FCG was
retarded when the fatigue crack reached the peened region due to the existence of

beneficial residual stress.
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7 Conclusions and Future Work

7.1 Summary of thesis

The residual stress origins and their measurements are detailed in Chapter 2. Also,
LEFM and FCGR principles are highlighted. The tensile residual stress can accelerate
the FCGR while compressive residual stress can decelerate the fatigue crack initiation
and growth effect of the mean residual stress. The material properties play an important
role in the fatigue life of non-metallic inclusion, grain size and environment. The non-
metallic inclusion has little effect on AKy, in the case of medium-strength pearlitic steels
but a significant influence on FCGR due to inducing small amounts of ductile fracture.
The finer grain size causes higher FCGR in the intermediate stage of FCG due to less
distance between grain boundaries needing a fatigue crack to follow. A corrosive
environment leads to accelerating the fatigue crack rates. To sum up, the compressive
residual stresses are beneficial and lead to a reduction in the FCGR, while the tensile
residual stresses are damaging and lead to an increase in the FCGR. The peening
process induces compressive residual stress on the material surface and, due to the self-
equilibrating feature, leads to tensile residual stress through the thickness as a reaction
to the compressive residual stress on the surface. The HSS has a higher FCGR than
medium strength steel due to the grain size effect. However, the HSS has a better

strength to weight ratio as its advantage.

The numerical investigations were conducted to study the effect of notch radius and
crack length on the magnitude of SCF and normalized SIF in different engineering
structures. The numerical investigation has been carried out by using the finite element
commercial software package ABAQUS/6.13 and the results were validated through
comparison with the data available in the literature. The numerical analyses conducted
in this study included a 2-D notched plate containing a crack, a 3-D SCT specimen
containing a semi-elliptical surface crack, and a 3-D plate with notch and without notch
under a 4-point bending load. It has been found that there is a direct correlation between
the circular notch radius and the SCF due to decreases in the remaining area leading to
increases in the local stress in the root of the notch. Also, it has been found that the

normalized SIF increases with crack length increase due to increases in the stress
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distribution at the crack tip. The numerical investigation shows that the normalized SIF
results from FEM/ABAQUS match the results found in the semi-analytical solution of
Newman & Raju [166] for surface cracks. Furthermore, the notched plate and plate
without notch with a semi-elliptical crack have been validated with the Newman & Raju
model by adding the radius of the semi-circular notch to the crack length in order to
calculate the normalized SIF.

The experimental investigation of residual stress distribution has been performed by
using an ICHD technique. The non-uniform stress integral has been used to calculate
residual stress through the specimen thickness. The investigation involved two
specimens as an example to measure the residual stress profile through the specimen
thickness and the residual stress distribution on the specimens. The specimens are 4-
point bend specimen geometry partially peened by the cavitation shotless peening
technique and a dog-bone specimen with a central notch peened partially by shot
peening. The specimens were fabricated from HSS grade Optim700QL with a yield
strength of 690MPa. The compressive residual stresses were generated by cavitation
shotless peening around 400MPa in a longitudinal direction and around 300MPa in the
transverse direction of the specimen. The residual stresses created by cavitation shotless
peening were uniform in all partially peened areas. The compressive residual stress
decreased gradually through the specimen thickness and is converted into tensile
residual stress at 0.4mm depth due to the self-balancing features of residual stress; due
to the latter features, the partial compressive residual stress area causes the generation of
residual stress in the surrounding area around the machined notch. The tensile residual
stresses were around 300MPa and 110MPa in longitudinal and transverse directions,
respectively. The residual stresses distribution in the dog-bone specimen peened
partially by shot peening have been investigated. The compressive residual stresses
created by shot peening were around 550MPa in a longitudinal direction and around
450MPa in a transverse direction. The compressive residual stress created by shot
peening decreased gradually through the specimen thickness and reached zero
magnitude of residual stress at a depth of around 1mm below the peened surface. The
tensile residual stresses generated by compressive residual stress were around 150 and

50MPa in longitudinal and transverse directions, respectively.
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The effects of partial surface shot peening on the FCG behaviour of HSS grade
Optim700QL have been experimentally investigated. Dog-bone specimens were tested
under a tension-tension fatigue load. Three distinct extents of partial shot peening, with
respect to the crack tip and specimen symmetry line, were applied to the specimen
geometry. An initial notch was machined in the middle-width of all specimens to create
a starter crack for fracture mechanics studies. The FCG results from these experiments
have been compared with those obtained from similar specimen geometry but with no
peening. The results show that the residual stress fields formed ahead of the initial notch
tip due to the peening process play a significant role in the FCG behaviour of the
material. The tensile residual stress created in the mid-thickness of the specimen, due to
compressive residual stress below the surface, dominates the compressive residual stress
and affects the results in the accelerated crack propagation at the mid-width of the plate

within the unpeened region.

The effects of partial surface shotless peening on the FCG behaviour of a ferritic steel
have been experimentally investigated in this study. Seven fatigue tests were performed
on 4-point bend specimens fabricated from Optim700QL HSS. Three distinct extents of
partial cavitation shotless peening, with respect to the crack tip and specimen symmetry
line, were applied to the specimen geometry. An initial notch was machined at the mid-
width of all specimens to create a starter crack for fracture mechanics studies. ACPD
was used to measure and monitor the crack depth during fatigue tests. The tests on
partially surface-peened specimens were conducted under two different load levels. The
FCG results from these experiments on partially peened specimens have been presented
and compared with the results from an additional test on an unpeened specimen. The
results show that the residual stress distribution fields formed due to the peening process
play a significant role in the fatigue crack shape evolution, crack retardation and crack

propagation behaviour of the material.

7.2 Achievement and conclusions

In this thesis, a fracture mechanics approach has been used to study the influence of

different extents of partial peening on FCGRs in HSS. The main focus of this study was
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to provide a better understanding of the residual stress distribution generated by the

peening area and its subsequent effects on the FCGRs and also the effect of the partial

peening area on FCGRs under tension-tension fatigue and pure bending fatigue loads.

The study involved the fatigue crack shape evolution in complex stress fields. The

following conclusions can be drawn from this research:

1.

By using the effective crack length to determine the SIF when the crack is
initiated in a plate containing a semi-circular notch, the effective crack length in
the root of the notch is equal to the summation of the crack length and the radius
of the notch.

The residual stress is a self-balancing stress that exists in the material without
applying an external load. The self-balancing characteristic of residual stresses is
not only through the specimen thickness but in the transverse direction of
residual stress. It has been found that the area between two peening regions is
subjected to tensile residual stress.

A reduction in FCGRs is observed when the crack tip enters the shot peened
region under tension-tension fatigue load.

The SIF range at which the crack retardation occurs in partially shot peened
specimens increases by increasing the extent of the unpeened region size from
10mm to 20mm and 30mm under tension-tension fatigue load.

Although partial surface peening leads to crack retardation as a result of
compressive residual stresses, due to the induced global tensile residual stresses
in the material, higher FCG trends are observed in the partially shot peened
specimens compared to the unpeened sample under tension-tension fatigue load.
The highest FCG trend in partially shot peened specimens is observed in the
specimen with the smallest unpeened region size (A10) for the intermediate SIF
range of 15-30MPavm.

For a given value of AK under tension-tension fatigue load, the FCGR in the
A10 partially shot peened specimen is around twice as fast as in the unpeened
sample for the intermediate SIF range of 15-30MPa\m.

The fatigue crack retards when reaching the peening area but continues in the
mid-thickness of the specimen, causing severe crack tunnelling under tension-

tension fatigue load.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

The partial peening has a negative effect on FCGR under tension-tension fatigue
load due to the fatigue crack front facing the compressive residual stress on the
outer surface and the tensile residual stress in the mid-thickness of the material
which can lead to causing severe crack tunnelling and acceleration of the FCGR.
The partial surface cavitation shotless peening introduced beneficial
compressive residual stresses of up to 400MPa, in a longitudinal direction, with
the penetration depth of around 0.4mm under the outer surface of the test
specimens.

Tensile residual stresses were formed in the unpeened region of the partially
cavitation shotless peened specimens due to the force equilibrium.

The cavitation shotless peening influences the fatigue crack shape evolution due
to the compressive residual stress under pure bend fatigue load.

The cavitation shotless peening results in a good surface finish compared to shot
peening.

A reduction in FCGRs under pure bend fatigue load is observed when the
fatigue crack tip enters the cavitation shotless peened region in partially peened
test specimens under pure bend fatigue load.

The SIF range, at which the fatigue crack retardation was observed in partially
cavitation shotless peened specimens, increased by increasing the area of the
unpeened region (i.e. decreasing the area of the peened region) under pure bend
fatigue load.

Higher FCG trends were observed in partially peened specimens tested under
higher load levels of pure bend fatigue load due to the applied load dominating
the effect of compressive residual stress induced by cavitation shotless peening.
The influence of partial cavitation shotless peening on fatigue crack retardation
was more pronounced in the tests performed at the lower load of the pure bend
fatigue load.

For the tests performed under the lower pure bend fatigue load, the lowest FCG
trend was observed in the specimen with the largest peened region size (i.e.
A10).
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19. The partial surface peening is more effective under pure bend fatigue load due to

the fatigue crack front subjected only to compressive residual stress, which can

be translated into a decrease in FCGR.

7.3 Limitations of this work

Residual stress measurements were done by using an ICHD technique due to
availability in the lab and time frame limitations.

The residual stresses were measured at one point in the peening area and
assumed to be uniform in all peening areas due to using the ICHD technique for
measuring residual stress and its characteristic of residual stress relaxation
during measurement.

Maximum depths of residual stress measured were 1mm due to the ICHD
technique.

Residual stress investigations were measured in two specimens as an example
due to the number of samples and time frame limitations.

Probe spacing in ACPD for crack measurement was 10mm due to the ACPD
unit available in the lab.

Surface cracks were measured during tension fatigue tests due to using a camera
for crack length measurement. This has appeared to introduce a level of
uncertainty in the crack length measurements because the cracks were growing

faster in mid-thickness of the specimen tests due to tensile residual stress.

7.4 Recommendations for Future Work

1.

Investigate and accurately measure the residual stress arising due to partial
peening area being in a lateral direction and through the thickness by using a
non-destructive residual measurement technique, such as neutron diffraction.
Develop the numerical model in Chapter 3 to implement the partial peening area
and compare the results with the experimental data. This would help to have a
better understanding of the stress gradient ahead of the crack tip.
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Conduct experimental tests with fully peened specimens, calculate FCGR and
SIF range, then compare the results with partially peened specimens. This would
help to have a better understanding of the effect of peening on FCGR.

Conduct experimental tests for partially and fully peened specimens under
different load ratio (R). This would make it possible to observe the effect of
peening on FCGR.

Conduct experimental tests on specimens with various thicknesses to study the
thickness on the dissipated tensile residual resulting from the peening area, on
FCG under tension fatigue load.

Develop an analytical technique to take into account the compressive residual
stress and tensile residual stress resultant in mid-thickness and in the
surrounding partial peening area, to have a better understanding of local stress
on fatigue crack propagation.

Continuous measurement of residual stress relaxation during fatigue crack
propagation to understand the change in FCG trends as a result of residual stress
relaxation.

Repeat the tests in a seawater environment to examine the effectiveness of

partial peening for offshore environments.
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APPENDICES

Appendix A Four-point Bend rig design
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Appendix B Matlab Code for calculating residual stress for

hole drilling

%hd_non_uniform.m

%Harry Coules 2010

%Modified revision:
%hd_non_uniform_simple.m

%Harry Coules 2012

%This program computes residual stresses from blind hole drilling data

%according to ASTM Standard E837-08

%Read data file
disp(‘'Which file contains the hole drilling data you wish to analyse?");
disp(‘'File must be tab-separated data in the format:');

filename = input('Depth S1 S2 S3, without headers ','s");
fid = fopen(filename);

C = textscan(fid,'%f %f %f %f");

fclose(fid);
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strain_steps = [C{2},C{3},C{4}]:

%User needs to input drilling parameters
rosette_type = input('Rosette type (A/B/C): ','s");
total_depth = input('Overall hole depth (mm): *);

hole_dia = input(‘Overall hole diameter (mm): *);

gc_dia=J;
gc_dia = input('Gauge circle diameter (mm) [5.13]: ;
if isempty(gc_dia)

gc_dia=5.13;

end

d0_over_d = hole_dia/gc_dia;

E = input("Young modulus (GPa): ")*10"9;

nu = input('Poisson ratio: );

disp('lIf you wish to apply a stress transformation to find’);

disp('the stresses at an angle to the rosette orientation,’);

theta = input('please provide agnle (degrees, anticlockwise +ive [0]: );
if isempty(theta)

theta = 0;
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end

%Plot strain vs depth
plot(depth_steps,strain_steps(:,1),'b");
hold on
plot(depth_steps,strain_steps(:,2),'r");
plot(depth_steps,strain_steps(:,3),'0);
xlim([depth_steps(1),depth_steps(end)]);
xlabel('Hole depth (mm)");
ylabel('Strain’);

legend('Gauge 1','Gauge 2','Gauge 3','Location’,'SouthOutside")

disp(‘'Please verify that the strain/hole depth plots *);

disp(‘follow generally smooth trends');

%Take the zero depth line off of depth_steps and strain_steps
depth_steps(1) =[];

strain_steps(1,:) = [I;

%Compute combinational strains (see ASTM standard p742)
p_j = 0.5*(strain_steps(:,3)+strain_steps(:,1));
g_j = 0.5*(strain_steps(:,3)-strain_steps(:,1));

t_j = 0.5*(strain_steps(:,3)+strain_steps(:,1)-2*strain_steps(:,2));
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%Estimate the standard errors

p_std_sq = sum(((p_j(1:length(p_j)-3)-(3*p_j(2:length(p_j)-2))+(3*p_i(3:length(p_j)-
1)- p_j(4:length(p_j))))."2)./(20*(length(p_j)-3)));

q_std_sq = sum(((q_j(1:length(q_j)-3)-(3*q_i(2:length(q_i)-2))+(3*q_i(3:length(q_j)-
1)- q_j(4:length(q_j))))."2)./(20*(length(q_j)-3)));

t std_sq = sum(((t_j(2:length(t_j)-3)-(3*t_j(2:length(t_j)-2))+(3*t_j(3:length(t_j)-1)-
t_j(4:length(t_j))))."2)./(20*(length(t_j)-3)));

%L oad calibration matrices:

if rosette_type == 'a’||[rosette_type =="A'
load non_uniform_calibration_data_a.mat;
elseif rosette_type == 'b'||[rosette_type == "B’
load non_uniform_calibration_data_b.mat;
elseif rosette type =='c'||rosette_type =='C'
load non_uniform_calibration_data_c.mat;
else
error('Rosette type not recognised.’)

end

calib_a = calib_a.*(hole_dia/2)"2; %Adjust calibration matrices for hole dia.
calib_b = calib_b.*(hole_dia/2)"2;

%Also loaded: stress_depths, ¢ (second derivitive matrix)
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%Initial guesses at regularisation factors

alpha_p = 10"-5;
alpha_qg = 10"-5;
alpha_t = 10"-5;

%lterate to find good regularisation factors, and hence the stresses
alpha_p_ok =0;
alpha_g_ok =0;
alpha_t ok =0;
all_alphas_ok = 0;

k=0;

while all_alphas_ok == 0
%Apply the regularisation and calculate the stresses
P = ((calib_a™calib_a)+(alpha_p*c*c))\((E/(1+nu))*calib_a*p_j);
Q = ((calib_b™calib_b)+(alpha_g*c*c))\(E*calib_b™q_j);

T = ((calib_b™calib_b)+(alpha_t*c™c))\(E*calib_b™*t j);

%P = pinv((calib_a™calib_a)+(alpha_p*c'*c))*((E/(1+nu))*calib_a*p_j);

%0Q = pinv((calib_b*calib_b)+(alpha_g*c™*c))*(E*calib_b™q_j);

%T = pinv((calib_b™calib_b)+(alpha_t*c'*c))*(E*calib_b*t_j);
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%Calculate 'misfit' strains
p_m = p_j-(((1+nu)/E)*calib_a*P);
q_m = q_j-((1/E)*calib_b*Q);

t m =t_j-((L/E)*calib_b*T);

%Mean squares of misfit vectors
p_rms_sq = sum(abs(p_m.”*2))/length(p_m);
g_rms_sq = sum(abs(g_m."2))/length(q_m);

t_rms_sq = sum(abs(t_m.*2))/length(t_m);

if isnan(p_rms_sq) == 1 || isnan(g_rms_sq) == 1 || isnan(t_rms_sq) ==1
error(‘Mean squares of misfit vector = NaN");

end

%Check rms of misfit vectors against raw strain errors, and accept the
%regularisation factors if they're similar. If not, make a new guess
%based on the ratio of errors.
if 0.95*p_std sq<p_rms_sq && p_rms_sq < 1.05*p_std sq
alpha_p_ok =1;
else
alpha_p = alpha_p*(p_std_sg/p_rms_sq);

end
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if 0.95*g_std_sq < q_rms_sq && q_rms_sq < 1.05*g_std_sq
alpha_g_ok =1;

else
alpha_q = alpha_g*(q_std_sqg/q_rms_sq);

end

if 0.95*t std sq<t rms sq&&t rms_sq < 1.05*t std_sq
alpha_t ok =1;

else
alpha_t = alpha_t*(t_std_sq/t rms_sq);

end

%Check all factors okay
ifalpha_ p ok ==1 && alpha_gq ok ==1 && alpha_t ok ==
all_alphas_ok =1;

end

%Increment iteration counter

k = k+1,

end

%Compute Cartesian stresses:
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s X =P-Q; %Note s x is in the transverse weld dir if gauge 1 was oriented

transverse

sy=P+Q; %Note s_yis in the longitudinal weld dir if gauge 1 was oriented

transverse

tau xy =T,

%Apply stress transformation

[s_x,s_ytau_xy] = stress_trans(s_x,s_y,tau_xy,theta);

s _X_av = mean(s_x); %Mean cartesian stresses
S y av =mean(s_y);

tau_xy_av = mean(tau_xy);

%Compute Principal stresses
princ_s_1 =P+((Q.A2+T.72).70.5);

princ_s 2 = P-((Q."2+T.72).70.5);

princ_s 1 av =mean(princ_s_1); %Mean principal stresses

princ_s_2_av = mean(princ_s_2);

%Display Stress Components

disp(" );

disp(");
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disp(*** NUMERICAL RESULTS ***");

disp(‘Mean stresses over Imm depth into surface:');
disp(['Longitudinal: ',num2str(s_y_av*10"-6)," MPa1);
disp(['Transverse: ',num2str(s_x_av*10"-6)," MPa’]);
disp(['Shear: ',num2str(tau_xy_av*10”-6)," MPa');

disp(");

disp(['Principal (1): ',num2str(princ_s_1 av*107-6)," MPa’]);

disp(['Principal (2): ',num2str(princ_s_2_av*10"-6)," MPa1);

d | Sp('*************************')

%Plot Cartesian stresses (in MPa) over the depth (in mm)
figure
plot(-stress_depths,s_y*107-6,'or");
hold on
plot(-stress_depths,s x*10"-6,'0b");
plot(-stress_depths,tau_xy*10"-6,'0g");

line([0,0],[0,-total_depth],'color’,'k");
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legend('Longitudinal Stress',' Transverse Stress','Shear
Stress','Location’,'SouthOutside’) %Assumes that gauge 1 was oriented transverse, and

gauge 3 longitudinal.

title('Depth-varying stresses (Cartesian directions)')

xlabel('Depth (mm)");

ylabel('Stress (MPa)");

%Plot Principal stresses (in MPa) over the depth (in mm)
figure
plot(-stress_depths,princ_s_1*10"-6,'or");
hold on
plot(-stress_depths,princ_s_2*10"-6,'0b");
line([0,0],[0,-total_depth],'color’,'’k");

legend('First Principal Stress (s_1)','Second Principal Stress

(s_2)','Location’,'SouthOutside") %Doesn't sort into max and min principals

title('Depth-varying principal stresses’)

xlabel('Depth (mm)");

ylabel('Stress (MPa)");
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Appendix C Tension-Tension Fatigue test

In this appendix, the results of tension fatigue load at maximum applied loads of 120 kN
and 100 kN with a constant load ratio of 0.1. These tests were conducted due to

overestimating of the theoretical applied fatigue load.

C.1 Result of A60

A fatigue crack growth test was performed on the A60 specimen (unpeened specimen)
and the results are shown in Figure C-1 and Figure C-2. The maximum applied fatigue
load was 120 kN and the load ratio 0.1.
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Figure C-1: Fatigue crack growth test A60 specimen
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Figure C-2: Fatigue crack growth rate for A60

C.2 Result of A20

The specimen (A20) has been examined under a fatigue test which has a peening area
(6.5 mm) from the head of the notch tip as shown in Figure C-4 and Figure C-5. The

maximum applied fatigue load was 100 kN and the load ratio 0.1.

C.3 Result of A10

The specimen A10 was tested under tension-tension fatigue load which contains a
peening area 1.75mm from the head of the crack tip, as shown in Figure C-6. The
maximum applied fatigue load was 90 kN and load ratio 0.1. The specimen was used to
measure residual stress distribution by using the hole drilling technique. It has been
observed during the fatigue test that fatigue crack growth became retarded when the
fatigue crack reach the peening area. The retardation happened due to the beneficial
compressive residual stress in the partial peening area, as shown Figure C-7. Also, there
is a drop in fatigue crack growth rate in the hole drilling place, as shown in Figure C-7,

due to first, the residual stress relaxation and second being hard to monitor the fatigue



crack growth inside the drilled hole by using the camera. So, the result is inaccurate
near the drilled hole.
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Figure_Apx C-3: Fatigue crack growth for A20 specimen

Figure C-4: Fatigue crack growth for A20 specimen
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Appendix D Material Microstructure

In this appendix, although the high strength steel used in this investigation is quenched
and tempered, a metallographic evolution has been made. The evolution was made
following the ASTM E-3 standard. A sample was extracted from the edge of the plate,
as shown in Figure D-1, into 40mm x 25mm x thickness specimens for metallographic
preparation by using a mechanical method. The sample was cut in two different
directions — longitudinal (L) and transverse (T) — as shown in Figure D-2. These are
mounted in resin to have better control of the sample as shown in Figure D-2.
Successively finer abrasive particles were used until the desired surface quality was
achieved, namely, 6 um, 3 um, 1 um and 0.05 um. The samples were washed and swabbed
with Isopropyl Alcohol (ISP) and then dried with hot air. An Optical Microscope (OM) was
used to analyse the micro-structure orientation of the material, as shown in Figure D-3 and
Figure D-4.

Figure D-1: Sample extracted from the plate
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Figure D-2: The sample mounted epoxy

Figure D-3: Micro-structure orientation in longitudinal direction



Figure D-4: Micro-structure orientation in transverse direction

Figure D-5: Four-point bend specimen
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Appendix F Fatigue crack growth rate and Stress Intensity
Factor calculation for surface fatigue crack under 4-point
bending test

The fatigue crack dimension was monitored during fatigue tests using the ACPD
technique. The ACPD probes were deployed along the notch side to measure the depth
and length of the fatigue crack during fatigue tests. The SIF range AK for this specimen
geometry was calculated to correspond to the Newman & Raju model. The model
involved empirical equations to calculate the SIF for semi-elliptical surface cracks
which depended on many factors, such as crack length, crack depth, plate width, plate
thickness and parametric angle for bending and tension loads. The model has been
obtained from a 3-D finite element analysis of finite elastic plate subjected to bending or

tension load [168]. Figure F-1 shows the flow chart of the Newman & Raju model.

Equation of the SIF for combined bending and tension load:

f a_,aa
K, =(5+HS,) ﬂ'aF(?,E,

For Xa/c<10 0<altL0 c/b(05

@) Equation F-1

oT|o

and 027 A useful approximation for Q |

Q :1+1.464(%)1'65 Equation F-2

F : The tension boundary correction factor, which has been calculated by a systematic

curve fitting. Double-series polynomials have been used in terms(a/c),(a/t). The

bending-boundary correction factor is equal toH .
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Figure F-1: Flow chart of Newman & Raju model
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Appendix G Fatigue crack growth under 4-point bend fatigue
load using single wave matrix

The fatigue tests have been conducted by using a 100 kN Instron Machine. The test
methods were written by using the wave matrix software provided by Instron. A single
wave matrix was used for the test. The single wave matrix means the tests were
conducted under a continuous cyclic load between the maximum and minimum load
until the test end, as shown in Figure G-1. The single wave matrix contains three steps

as shown in Figure G-2 which are:
Step 1: apply minimum load of the test to the specimen.
Step 2: apply sinusoidal load with defined maximum load and load ratio.

Step 3: the test ramp to the zero load and finish the test.

Max. load

Mean load

Load

Min. load

Time

Figure G-1: Schematic diagram of single wave matrix

This test has used the ACPD technique to measures the crack propagation length during
the test. The fatigue crack growth data were presented as crack length versus number of
cycles as shown in Figure G-3. Figure G-4 represents the fatigue crack evolution for
the A60 specimen. The fatigue crack growth rate specimen versus stress intensity factor
range of A60 is presented in Figure G-5.

G-1
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Figure G-2: Demonstration of the test method implemented in the wave matrix
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Figure G-3: Fatigue crack growth data versus number of cycles for A60 specimen
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Figure G-4: Crack Shape evolution for A60 specimen
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Figure G-5: Fatigue crack growth results for A60
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Appendix H Crack modelling in Finite Element Modelling
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Figure 1-1: create seam procedure
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Figure 1-2: crack defines steps



4= Edit Crack

Name:  Crack-1
Type:  Contour integral

Domain: Geometry
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Degenerate Element Control at Crack Tip/Line
) No degeneracy
@ Collapsed element side, single node

_) Collapsed element side, duplicate nodes

Figure 1-3: crack singularity setup
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Figure 1-4 Mesh control for the area around the crack tip



2= Edit History Output Request

Name: H-Output-1

Step: Apply load

Procedure: Static, General
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Figure 1-5: SIF calculation by ABAQUS
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