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Abstract

Mechanical treatment for surface processing is a cost-effective tool and has the
potential to improve the dynamic strength of a component or structure
significantly through creation of a residual compressive stress state. This
research is aimed to investigate mechanical surface processing treatments, e.g.
deep surface rolling, machine hammer peening, in aircraft fuselage structural
alloys to reduce fatigue crack growth rate and improve damage tolerance. The
study also revealed that such processing could be used effectively to improve
damage tolerance properties of such safety critical structures. However,
optimisation of such processes is important as distortion from the processing
would need to be minimised, to maximise the benefit from the residual

compressive stress field.

This thesis focuses on the application of deep surface rolling to understand the
underpinning interaction between stress states and a long fatigue crack under a
variably distributed residual stress field. Centre notch of 8 mm length were
machined in Middle-tension M(T) specimens of 1.6 mm thickness 2024-T351 and
2524-T351 clad aluminium alloys. The M(T) specimens were locally rolled by a
deep surface rolling process to create a spatially resolved compressive residual
stress fields on both sides of the notch and under different loads. Prior to
application of deep surface rolling on the M(T) specimens, the process was
trialled on similar thickness specimens to ensure minimum distortion so that itcan
be applied on both the surfaces. The spatial position of the DSR patches with
respect to the crack tip were varied to understand the interaction of the stress
field on crack propagation and how the benefit of the process can be maximised.
Following rolling of M(T) specimens, fatigue testing were performed at a stress

ratio R = 0.1 and maximum stress of 100 MPa.

A three-dimensional finite-element (FE) model of the DSR process was
developed to predict the residual stress field and distortion. This model was

validated with experimentally measured residual stress data and distortion. An




analytical method based on experimental residual stress data, was developed to
determine the residual stress intensity factor (Kres). The crack closure behaviour

was taken account for the prediction of the fatigue crack growth rate (FCGR).

Despite formation of a compressive residual stress (CRS) field through the
thickness below the DSR patch it was found that improvement of fatigue
performance depends on the location of the patch with respect to the crack tip. It
was observed that the rolling load parameters and distance from the crack tip are
vital in the reduction of crack propagation behaviour. The former balances the
stress field and distortion while the later determines the crack driving force, when
the crack enters the compressive residual stress field, and a large distance
between the crack tip and stress field will cause acceleration of the crack before
it enters the compressive stress field. The analytical method of computing Kres
was successfully contributed to the prediction of FCGR and showed good
agreements with experiments. In a further study, the analytical method was used
to calculate Kres by using the predicted residual stress field from FEA (finite
element analysis). Based on the predicted Kres, the predicted FCGR showed a

good agreement with experiments as well.

The application of DSR to the metal fatigue enhancement is significantly effective
and cost-effective. By optimising DSR process to intentionally treat the high
possibility of fatigue damage region, the fatigue life can be significantly enhanced,
resulting in improvement in damage tolerant design of aerospace structures or

components.
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1 Introduction

The effects of metal fatigue plays a vital role in optimising the design of aerospace
structures [1-3], since the constraints of reduced costs and an increased design
life of parts have changed the design cycle of new products by introducing new
materials [4]. The fatigue phenomenon is often referred to as a process of
damage accumulation in a component undergoing repeating load. Parameters
such as cyclic load, stress intensity and fatigue crack growth rate are used to
describe the mechanical fatigue process resulting from a repeated cyclic load

being applied to a structure containing a pre-existing defect.

Aircraft design has turned to an approach which incorporates improved
performance, extended operating life and reduced environmental impact of an
aircraft structure [5]. Modern aircraft are pre-designed using the damage
tolerance methodology [6,7]. This research approach ensures that the duration
between aircraft service intervals allows for repair of a fatigue crack before it can

propagate to a critical length.

Since the first half of the 20t Century, the surface engineering process of shot
peening has been widely used for industrial applications in mass production [8].
In the U.S.A., deeprolling was applied as a surface treatment to strengthen axles
of the Ford Model T and the axles of trains were also deep rolled for mechanical
improvement. In the 1970s, the basic effects of deep rolling on fatigue behaviour
were thoroughly investigated, and the influence of notches and material hardness
on fatigue strength enhancement of deep rolled components became clear
[9,10,11].

A variety of parameters, of which the contact force or pressure is undoubtedly the
most important, used during mechanical processes like shot peening or deep
rolling severely influence the near-surface residual stress state [12,13]. I is
known that only optimised rolling forces increase the fatigue strength. Rolling
forces that are too low have no pronounced effect on the fatigue behaviour, whilst

forces that are too high may result in the generation of microcracks [12]. The




possibility of controlled residual stress field to influence fatigue crack propagation
has been investigated by many researchers as mechanical surface treatments
are increasingly applied nowadays [13,14,15]. A significant decrease in the
fatigue crack growth rates was observed by Hatamleh [16] in specimens treated

by laser shock peening (LSP) versus untreated samples.

As arepair method, DSR and other mechanical surface treatments such as SP,
LSP are commonly used to reduce the propagation of fatigue cracks, by inducing

highly compressive residual stresses into the material [16-19].

The linear elastic fracture mechanics (LEFM) method is the most commonly
employed approach used to study the effect of an existing residual stress field on
the long fatigue crack growth behaviour [20]. It is assumed that the principle of
superposition is valid and that residual stress redistribution is not affected by the
presence of the small-scale plasticity associated with long fatigue crack
propagation [21]. Knowledge of crack closure helps to understand the effects on
crack behaviours and hence fatigue performance by induced residual stress
fields.

Extensive work has been reported in the literature to fill the gap between residual
stress fields and fatigue crack growth rates. In most research of the DSR, a more
attractive advantage of the DSR treatment is to reduce the tensile residual stress
generated during welding and additive manufacturing. In aerospace, most

surface treatments are still considered as a repair process only.




1.1 ProjectObjectives

The commonly applied process of laser peening a material’s surface is a novel,

yet expensive. Deep surface rolling and alter methods such as hammer peening

(HP) are used to improve fatigue resistance, more precisely, to reduce fatigue

crack growth.

This research aims to investigate the application of deep surface treatments in

aircraft fuselage structural alloys to increase fatigue life. Another underpinning

work is to optimise DSR process by the study of stress interaction mechanisms
with FE.

The objectives of the research were:

Investigate DSR parameters to provide compressive residual stress
through the entire thickness of thin (1.6mm) aluminium alloy sheets
(AA2024-T351 and AA2524-T351 mainly used)

To investigate the effects and behaviours of the DSR treated sheets on
distortion and induced residual stresses by using finite element analysis
(FEA), FE results are validated by experimental measurements of deep
rolled specimens

To investigate the predicted effect on the crack closure of residual stress
by using superposition and Newman theory

The application of the hammer peening treatment and its effect on
hardness and residual stress fields

Understand the formation of the RS field by the hammer peening treatment
Influence of the hammer peening in reduction of fatigue crack growth

To obtain the residual stress field from FE models and to predict FCGR of

DSR treated samples by the obtained RS, and validate by fatigue tests




1.2 Methodology

The research process to build a relationship between residual stress and FCGR
is briefly demonstrated infigure 1.1. The methods used to achieve the objectives

are described.

Residual Stress
Induced By
Mechanical

¥y~ Treatments (ISP, X

DSR, HP)

Residual Stress Fatigue Tension-
Measurements By tension Tests And

ICHD And ND Experimental FCGR
. . Comparison FCGR
Ggatl ReIRa tl? dnShllp Between Experiments And
etween Residua Mathematic Processed
Stress And FCGR
Models

Kres Calculated By FCGR Pr.edicted By
Green Functions Paris Law

\ AK Determined By
Superposition And _/
Newman Crack
Closure Methods

Figure 1.1 The research process for building the relationship between residual
stress and fatigue crack growth rates (FCGR)

By the qualitative and quantitative analysis of residual stress and distortion
generated after DSR treatments, the DSR process was optimised to improve
fatigue performance, in order to accomplish the aim of this research, application

of DSR in aircraft fuselage structural alloys.




The effect on FCGR by various DSR treatments and fatigue loading conditions
was studied using centre-slit specimens of 1.6 mm thickness AA2024-T351 and
AA2524-T351. The centre-slit of test specimens were made to 8 mm length by
EDM (Electrical Discharge Machining) and then tested in constant amplitude
fatigue loading until sample fracture. The effect on fatigue performance of various
DSR treatments was considered. All testing specimens were deep rolled after the
samples were centre-slited. Specimens treated by DSR were characterised by
measuring the effect on distortion and by the measurement of the induced
residual stress fields using the incremental hole driling method and the neutron

diffraction method.

Analyses of crack propagation in residual stress fields are of practical importance
in welded structures and for aircraft maintenance. The determination of stress
intensity factor for the crack absent stress distribution is based on superposition

principle and most conveniently used as the Green’s function.

When additional external loads were also present during fatigue tests, the effect
of stress intensity factor range and stress ratio was determined by superposition
and Newman approaches. The effect of the induced residual stress fields on
plasticity induced crack closure was studied and further developed by the

Newman equations.

Finally, Paris and Walker equations were developed and compared to predict the

fatigue crack propagation rates by the effect of induced residual stress fields.

1.3 Thesis Structure

In chapter 2 a literature review is presented. The theoretical background of fatigue
crack propagation mechanisms and overviews of crack closure phenomenon are
presented. The sources of residual stress in components and measurements of
residual stresses are reviewed. Effects of residual stress on distortion and fatigue

performance are emphatically reviewed. A description of the DSR treatment and




developments of DSR are reviewed. Other mechanical surface techniques are
described as well. Finally, FEA of deep surface rolling techniques in welding
processes is reviewed. In addition, FEA of deep rolling on inducing compressive

residual stress is presented.

Material properties and experimental methods are given in chapter 3. The test
material is characterised and the geometries of test samples are presented. As
the main mechanical surface treatments, DSR and HP are described.
Experimental measurements of distortion and microhardness are demonstrated.
The particular description of residual stress measurements is detailed. The
fatigue test procedures and test parameters applied are described. The

procedures used for fractographic inspection are detailed.

The experimental results are demonstrated in chapter 4. The physical effect on
the fatigue specimens of DSR treatment is presented. Tension-tension fatigue
test results are demonstrated. Calculated fatigue crack growth rates from

measured scratch lines are presented and fatigue crack trajectories are reported.

In chapter 5, FE modelling techniques used to study the effect of distortion and
residual stress distribution on thin aluminium alloy sheets (1.6 mm thickness)
treated by the DSR process. A finite element model of the deep surface rolling
process was developed and various parameters of different loads and roller
mobility is investigated. The effect of DSR on distortion reduction and 3D

distribution of residual stress are reported.

In Chapter 6, methods of residual stress intensity factor calculation are provided.
Under different residual stress fields, effective stress intensity factors are
determined by superposition and crack closure methods. The effect of fatigue
crack growth rates influenced by DSR is further investigated. Residual stress
fields obtained by FE models are applied to the prediction of FCGR of deep rolled

samples. Results are validated by experimental FCGR from the fatigue tests.




The research results are discussed in chapter 7. Chapter 8 presents the
conclusions from the research and recommendations for future work are made in

chapter 9.

2 Literature Review

In section 2.1 is a brief overview of the fundamentals of fatigue crack propagation
mechanisms in aircraft fuselages. For a detailed review of fracture mechanics
see references books by Anderson [22] and Hertzberg [23]. Section 2.2 mainly
introduces the fundamentals of residual stresses, as well as the measurements
of the RS fields and their effects on fatigue performance. Compressive residual
stress is widely known to have beneficial effects on reducing fatigue crack
propagation rates. Unintentional tensile residual stresses are known to contribute
to the shortening of component lifetime. In the majority of reviewed cases in this
thesis, residual stresses were induced by deep surface rolling or other surface
treatments. A brief description of surface treatment processes is shown in section
2.3.

2.1 Fatigue Crack Propagation Mechanisms

Maintenance services in aeronautics, transport, machines and installations often
encounter the existence of cracks in metal components that have been subjected
to a cyclic loading of varying amplitude [24]. It is of significant importance to divide
the fatigue life of a structural component into different periods and to treat them

separately.

The fatigue life of a metallic material contains different stages; crack nucleation,
micro-crack growth, macro-crack growth, and final failure. Crack nucleation is
associated with cyclic slip and is controlled by the local stress or strain
concentrations. Micro-crack growth, a term now referred to as the “small-crack

growth” regime, is the growth of cracks from inclusions, voids, or slip bands in the




range of 1 to 20 um in length [25]. Schijve [26] has reported that for polished
surfaces of pure metals and commercial alloys, the formation of a small crack to
about 100 um in length can consume 60% to 80% of the fatigue life. The AGARD
[27,28] and NASA/CAE [29,30] studies on small-crack behaviour showed that
about 90% of the fatigue life was consumed for crack growth from about 10 pum
to failure on a variety of materials. This is the reason that there is significant
interest in the growth behaviour of small cracks. Macro-crack growth and failure
are research area where fracture mechanics parameters have been successful

in correlating and in predicting fatigue-crack growth and fracture.

Events inthe naval, nuclear and aircraft industries have fostered the development
of fracture mechanics and the application of stress intensity factor (SIF) analyses
to fatigue crack growth, since the 1950’s [31]. The failure of the Comet transport
jet aircraft, as a result of fatigue cracks, gave rise to treatments to reduce crack
propagation using notch-root parameters and the stress intensity factor (SIF)
concept of Irwin [33] and Paris et al. [34]. The simplicity of the SIF concept rapidly
developed into the durability and damage-tolerance models used to design
fatigue/fracture critical components. The vital connection between fatigue and
fracture mechanics was the discovery of fatigue crack closure by Elber [35]. This
crack-closure concept began to explain many crack-growth characteristics.
These developments have greatly improved our understanding of the complex
interactions that occur during fatigue crack growth in materials under variable-

amplitude cyclic loading [32].

Cyclic fatigue involves the microstructural damage and failure of materials under
cyclically varying loads. Structural materials, however, are rarely designed with
compositions and microstructures optimised for fatigue resistance. A component
or structure throughout its service is usually subjected to cyclic stress with varying
upper and lower stress bounds. The type of loading is generally referred to as a
variable amplitude load, usually in the form of a sinusoidal waveform as illustrated

in figure 2.1.
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Figure 2.1 The parameters of the waveforminvolved in fatigue testing

The total fatigue life can be characterised by four stages, and briefly described

below.
1. Crack nucleation

Macroscopically, fatigue cracks in flaw-free materials and structures mostly
nucleate at the free surface. In materials containing defects, the cracks will
preferentially initiate at these defects. Stress concentrations, leading to higher
local cyclic plastic strains, result from this behaviour. By microscopically
observing the surfaces, it is shown that there are three basic types of nucleation
sites; fatigue slip bands, grain and twin boundaries, and inclusions. Fatigue crack
nucleation is preceded by cyclic slip localisation. With continued cyclic loading,
the slip bands broaden and intensify until the separation of microstructural
material grains occurs, and a crack is formed. The number of cycles required to

initiate a crack, frequently accounts for the majority of the total fatigue life.




2. Stage | crack-growth (short cracks)

Once initiated, a fatigue crack propagates along high shear stress planes. The
stage is characterised by the crack being orientated at an angle to the surface
but not normal to the applied load. Grain refinement is capable of improving
fatigue strength, and works by inserting a large number of microstructural
barriers, which have to be overcome in stage | of crack propagation. Surface
mechanical treatments such as shot peening and surface rolling, contribute the
number of microstructural barriers per unit of length due to the flattening of the
grains [36].

3. Stage Il crack-growth (long cracks)

When the stress intensity factor K increases as a consequence of crack
propagation or higher applied loads, slips start to develop in different planes
close to the crack tips, thus activating stage Il [37]. In this stage, the crack
propagates across other grains that are normal to the loading direction. This
crack growth occurs, not as a consequence of any structural damage, but as a
result of the stress concentration effect at the crack tip, since it becomes sharp
during unloading. An important characteristic of this stage is the presence of
surface ripples known as “striations”, which are visible under a scanning
electron microscope. Not all engineering materials exhibit striations. They are
clearly observed in pure metals and many ductile alloys such as aluminium
alloys. The most acceptable mechanism that justifies the formation of striations
on the fatigue fracture surface of ductile metals, is the successive blunting and

re-sharpening of the crack tip.

Stage | and stage Il crack growth are often grouped together and the total fatigue

life Ntotis characterised using equation 2.1 below.

NtOt:Ni+Np 21

Where Ni is the number of cycles until crack initiation and Np is the number of

cycles to propagate the crack to fracture.
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4. Final failure

Failure of the material occurs when the crack extends in a rapid and unstable
manner. The fracture toughness (Kc or Kic) of a material indicates the strength of
the material in the presence of a defect or crack. The fracture toughness is also
affected by the thickness of the material. As a material thickness increases, the
shear lips occupy a decreasing proportion of the cross-section. So the material
acts more and more like a brittle material, with reducing toughness. Eventually,
the effect of the lips becomes insignificant, and the toughness assumes a
constant minimum value, known as the plane-strain fracture toughness [38].
Plane-strain fracture is characterised by having a flat surface perpendicular to the
applied load. The fracture surface of thin sections is generally characterised by

shear lips as a result of 45° shear fractures known as plane stress fractures.

Crack propagation rate depends primarily on crack length, the applied stress
range (Omax - Omin) and the stress ratio (R = omin/ omax). The relationship accounts

for these parameters as demonstrated in equation (2.2) and (2.3).

AK = Kpax — Kinin 2.2
R = Xmin 2.3
K max

The value of Kmax is always dependent on omax, which is subjected to remote
tensile stress. However, the value of Kmincan be influenced by other effects such

as crack closure which will be discussed in more detail in section 2.2.

2.1.1 Models of the Fatigue Crack Growth Behaviour

Paris [34] was the first to report a relationship between the fatigue crack growth
rate and the stress intensity factor range, as shown in equation 2.4 below, where

C and m are material constants determined experimentally.

da _ cagym 2.4
dN '
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The formula describes the linear portion of the log-log plot of da/dN vs AK as
shown in Figure 2.2. This figure illustrates the analytical model of calculated
fatigue crack growth curves for a crack starting from a very sharp notch (Aa =0

mm)and for a crack after substantial growth (Aa = 10 mm).

Region 1 Region 2 Region 3

Slow FCGR  Power law Unstable crack growth
R=05 0 -1 -3

10°
4 41° " "4a= Omm
10 — Aa = 10 mm
2
10 1
) 10"1
g 4
E 105!
E, 10 ] ,'
= 4 3 7
3 10 1 /
% 10"! !
s 1 '
10 ] |
10° A v v 1
1 5 10 50 500 1000
AKth AKe

AK [MPa m'?

Figure 2.2 Calculated fatigue crack growth curves at a crack extension Aa of 0
and 10 mm and different load ratios R —the analytical model, 25CrMo4 [39]

For constant amplitude loading and small-scale yielding condition that no crack
can grow faster than a physically short crack (dashed line), and that no crack can
grow slower than a long crack (full line) at a given load ratio R. It should be noted
that the crack growth rate of a very short crack is in the threshold region (branch

) and in the Paris region (branch Il) independent from the load ratio R [39].
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The major limitation of the Paris law is that the material constants must be
determined for different load conditions. Under constant amplitude loading,
fatigue crack growth rates (FCGR) will only be influenced by the stress ratio R
which cannot be taken into account by this law. Other researchers have
developed equations which describe all or part of the da/dN vs AK relationship.
The Walker equation [40] was an enhancement of the Paris equation that
accounted for the effect of stress ratio on FCGR. The Walker equation is shown

below where m is an exponent that controls the shift in the crack growth data.

da n
_— — (m_1)
N C(AK(1—-R) ) 2.5

The Forman equation [41] is a further improvement on the Walker equation that
accounts for the upper portion of the da/dN vs AK curve. The Forman equation is
shown below where Kc is the fracture toughness of the material as shown in
Figure 2.3.

da _ C(AK)™
dN ((1-RK,.-AK)

2.6

Klesnil & Lukas [42] modified the Paris equation to account for material threshold

as shown in the equation below.

da
d—N:C(AK"—AK?h) 2.7

The NASGRO equation [43] accounts for the complete fatigue crack growth curve
and is shown below where C and n are material constants, and p and q control

the slope of the threshold and failure regions respectively.

AK \P
da - (-5
ﬁ_c[(1—R)AK] (1_KI,(n:x)" 2.8

where da/dN is the crack growth rate, AK is the applied stress-intensity factor

range, and R is the stress ratio; AKin is the fatigue threshold, Kmax is the stress-

13



intensity factor corresponding to peak applied load, and Kc is the critical stress

intensity; fis Newman’s crack opening function.

2.1.2 Analytical Methods of Cracks in Residual Stress Fields

Analyses of cracks that develop in a residual stress field are of practical
importance in welded structures, as well as in many other applications. The
residual stress field is, in the absence of external loads, a self-balanced, built-in
field. Determination of the intensity of the crack-tip elastic field for cracks
introduced into the residual stress field requires no special treatment. The method

is based on the superposition principle [44].

This so-called residual stress intensity factor (Kres)is required in the prediction of
fatigue crack growth rates as well as in the residual strength calculation [45].
Currently, analytical methods are based on the superposition rule of linear elastic
fracture mechanics. One popular engineering method is to account for the
residual stress effect (within structures) by determining the effective stress
intensity factor ratio Reff [46]. An alternative method is based on the crack closure
concept originally proposed by Elber [47] by calculating the effective stress
intensity factor range (AKeff) in a combined stress field of the applied and residual
stresses. The crack closure process will be detailed in section 2.2. The validity of
both methods has generally been accepted. Both Reff and AKeff are determined
by calculating the Kres and using the superposition method [48]. Therefore, the

key is to evaluate the Kres.

The weight function method (WFM) has been widely employed for calculating
SIFs and has been successfully used by many researchers for welded test
samples [49,50]. Closed-form or approximate analytical solutions are available
for calculating the Kres and, in general, the solutions are exact. The Kres solution
is most conveniently obtained as the Green’s function Kic. For the case of a two-
dimensional plane stress or plane strain problems, a cracked sheet contains

crack length 2ain aninfinite body subjected to alocalised force P acting at points
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of the crack surface and normal to the crack faces, the SIF is calculated by using

equation 2.9:

1

K;¢(a,b; P) = L 2.9
16\% U, _m ) (b/ )2 .
- a

The stress intensity factor for the crack-free stress distribution oy(x) is readily

determined by integration and presented by equation 2.10 and 2.11.
a
Kyes = j Kic(ax;0,(x)dx) 2.10
0

oy (x)dx

2 a
h ﬁfo V1=

To calculate the SIF resulting from induced residual stresses using WFM, it is

K 2.11

necessary to know oy(x) and crack geometries. The residual stress distributions,
oy(x), can be obtained by other experimental measurements [51-56], e.g.
diffraction methods [51-53], hole drilling techniques [54], or the contour method
[65,56]. The WFM should give an accurate solution providing that the proper
crack geometries are used. The following graphs in figure 2.3 offer solutions for
various “crack-free” residual stress distributions, as well as when crack
geometries are used. An actual, practical situation may be approximately
represented by one of these solutions. When additional external loads are also

present, the total solution is obtained by superposition.

In figure 2.3, the SIF solution was obtained by the Green’s function for centre
crack in a plate of infinite width. Where the residual stress distribution is
expressed by equation 2.12, figure 2.3, Kres is given by equation 2.13.

oy (x) =0y - 3® [1 - (’E‘)Z] 2.12

_042(%) 1 /a\2
Kyos = oo viae *42(0) [1—;(2) ] 2.13
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For a finite width rectangular plate, Wu and Carlsson [57] presented the SIF
solution according to this residual stress distribution using their weight function.
Tada’s and Wu's solutions are compared in figure 2.3, which firstly shows that
the SIF results given by Tada and Wu agree with each other very well when the
width of the plate is adequate when compared with the distribution of the residual
stress. Secondly, for an inadequate width of the plate, e.g. W/c=4, although the
stress at the edge is almost zero, the width effect could not be ignored; weight

functions with width correction gives a more accurate result in this case.

However, residual stresses of welded samples as measured are not always in
the single peak form as figure 2.3 and equation 2.12, 2.13 described. Most cases
need numerical integration of equation 2.10. This will be demonstrated in chapter
6.

—K_, of Tadu's solution
1] K of Wu's solution ( #ie=3)

=K of Wi's solution (Fie=10)

alx}

05

TV

@) (b)

Figure 2.3 WFM solution of SIF provided for a given residual stress field; (a)

K 1 [of(ma)]

ale

residual stress distribution; (b) comparison of Tada’s and Wu’s solutions
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In figure 2.4, another two different stress fields are presented and corresponding

Kres are integrated as well.
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Figure 2.4 Examples of residual stress fields in the absence of external loads

Kres solution can be integrated by using equation (2.10) and by having a given
residual stress state. The calculated Kres of figure 2.4 is presented in equation
2.14 and equation 2.15, respectively [58].

1 a<l
a
=00/ 2 1 a?-1 =
K, es = 0gVTa —<sin‘1—— . )az 1,wherea p 2.14
T a a
w na a2 a2
K, o5 = 0gVTa Etanw (COSW) [3 (COSW) — 2] 2.15
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2.2 Crack Closure

A variety of different mechanisms can be involved in the development of crack
closure such as: plasticity-induced crack closure, roughness-induced crack
closure, oxide-induced crack closure, viscous fluid-induced crack closure,
transformation-induced crack closure and grain boundary closure [59]. Crack
closure plays an important role in the effect of the stress ratio on FCGR and on
the near-threshold crack growth behaviour. The focus of this section is plasticity-
induced crack closure as firstly observed by Elber [60]. During cyclic loading
residual plastic deformation is built up in the wake of an advancing fatigue crack.
This plastic deformation induces compressive stresses that cause the crack faces
to close prior to the minimum load being reached. Upon reapplication of the
applied external load the crack faces do not separate at the minimum load but at
a higher load termed the opening stress level (oop). The crack is no longer open
at Kmin but instead opens at Kop hence a new SIF range must be defined. This is

termed the effective SIF range (AKeff) and is calculated using equation 2.16.

MK opp = (Omax — 0op)BVTTA  2.16

The crack closure concept is illustrated in Figure 2.5. The portion of the fatigue
cycle below Kop does not contribute to crack growth since the crack is closed.
Crack closure shields the crack tip from the full effects of the stress intensity factor
range so that it only experiences the effective stress intensity factor range and

therefore has a reduced driving force for crack growth.
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Figure 2.5 lllustration of the effective stress intensity factor range AK

Experimental methods to measure the crack opening stress level have a high
associated cost and effort [61]. It is difficult to locate the exact crack displacement
if deformation of the crack face is not uniform [61]. Elber [60] proposed an
empirical rule for 2024-T3 alloys to correlate the opening stress ratio with R ratio
as presented in equation 2.17.

g,
— —0.5+0.1R + 0.4R? 2.17

O'max

Equation 2.17 is plotted in figure 2.5 and results in unrealistic opening stress
ratios at negative stress ratios. Schije [62] proposed a new equation based on
experimental observations:

Oop _ 2 3
——=0.45+(0.1+a)R +(0.45 — 2a)R* + aR 2.18

max

Where a is a constraint parameter. Equation 2.18 is plotted in figure 2.6 for a=0.1
to 0.15. De Koning [63] developed the following equations based on experiments
of AA7075-T6 alloys:
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Oop

ForR>0 =0.45+0.2R—0.15R* + 0.9R3 — 0.4R* 2.19
amax
Oop
ForR<0 =0.45+0.2R 2.20
Gmax

This is also plotted in figure 2.6. Even though there are some differences between
predicted crack opening stress ratios when using these equations, it isimportant
to observe that the significant results are at low and negative stress ratios. The
stress opening level can be determined using the Newman crack closure method

and by implementing finite element methods.
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Figure 2.6 Crack opening stress ratio according to different empirical formulas
[60,62,63]

Kukawki [64,65] has argued that crack closure may not be the sole mechanism
responsible for correlating the effect of load ratio, overloads and type of loading

with the FCGR. He considered the case of partial crack closure when the crack
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face contacts first behind the crack tip. This phenomenon can occur particularly
in the near-threshold region of crack growth when the fracture surfaces are often
faceted and mismatched. In his perspective, the result of changing the crack
shape from a blunt parabolic to a sharper wedge shape can induce damaging

strain ahead of the crack.

Based on a crack closure approach, Newman equations [66] were used to
calculate an effective stress intensity factor range (AKeff). A crack opening stress
ratio was calculated using equation 2.21- 2.23. These questions were achieved
and based on finite element simulations of plasticity-induced crack closure for
long cracks.

ﬂ_ . 2 3
=max(R; Ag + AR+ A;R“ + A3R>),forR>0 2.21

amax

90 _ 40+ AR
=4y 1R for —2<R<0 2.22

o-max

Oop

=Ay—24,,forR< -2 2.23

amax
where
Ao = (0.825 — 0.34a + 0.05a2) [cOS(TOmqy/20,)] Ve 2.24
A;=1(0.415-0.071@) 0,0,/ 00 2.25
A, =1—Ag— A, —A3 2.26
A3 =2A0+A;—1 2.27

For plane stress conditions a = 1 while for plane strain conditions a = 3. The flow
stress (0o) is defined as the average of yield stress and the ultimate tensile
strength of the material. It applies for approximate plane strain condition and
largely elastic crack behaviour; for a more detailed discussion of these

parameters see [66].
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2.2.1 Crack Closure in Plane Stress Conditions

For the explanation of the plasticity-induced crack closure, one has to distinguish
between cases of plane strain and plane stress. Under the plane stress
conditions, the explanation can be simple and is widely accepted in the fatigue

world.

Under plane stress conditions, the volume elements in the plastic zone are
elongated. This elongation is mainly balanced by an out of the plane flow of the
material; as a result, the thickness within the plastic zone is reduced. The plastic
zone size under plane stress conditions is generally regarded as being three
times larger than when under plane strain conditions [67]. The plasticity-induced
crack closure under plane stress conditions can be expressed as a consequence
of an extra material layer behind the crack tip. This can be considered as a
“wedge” that is inserted in the crack. Hence, both the cyclic plastic deformation
at the crack tip and FCGR are reduced [68]. The formation of this plastic wedge
is properly described by the Dugdale model [69], calculated by Budiansky and
Hutchinson [70], and by the mostly used modified versions of Newman [71]. The
effects of the stress ratio, load interaction or short cracks are described by strip
yield models [72-74]. However, the disadvantage is that these models can only
describe physically correct closure for the plane stress case. Newman [75]

attempted to reflect the plane strain case with some adaptions.

A series of experiments of AA2024-T3 MCT specimens are reported [76]. By
measuring fatigue crack growth and crack closure, results indicated that the crack
tip was open during 72% of the applied load cycle, under stress ratio R=0.1. The
thickness was reduced from 10.2 mm to 7.2 mm through layer removal on both
sides. It was concluded that crack closure was greater at the sample surface
where plane stress conditions existed than in the centre of the plate where plane

strain conditions occurred.

The situation for the plasticity-induced crack closure under plane strain conditions

is significantly different. The key point is that there seems to be no source for the
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plastic wedge because it is impossible to define the out-of-plane flow. Under
plane strain conditions and a constant AK or constant load amplitudes, there is
no plastic wedge at large distances behind the crack tip. However, the material
in the plastic wake is plastically deformed. It is plastically sheared; this shearing
induces a rotation of the volume elements, and as a consequence, a local wedge
Is formed in the vicinity of the crack tip [77,78,79].

2.2.2 Crack Closure of Initial Residual Stress Fields

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

stress field.

A 2-D elastic-plastic finite element analysis (FEA) of crack closure in a middle-
tension (MT) specimen was studied [80]. The model used 4 node plane stress
elements and isotropic hardening. A compressive residual stress field was
induced through application and removal of an overload. A fatigue crack was
advanced from the notch at the maximum applied load. Crack closure was
simulated by monitoring the position of the nodes behind the crack tip. During
unloading if the nodal position became negative relative to the crack tip a node
fix condition was applied. This induced compressive residual stress field
increased the crack opening stress level by up to three times compared to a
residual stress-free analysis. The crack was advanced through the residual stress
field, and AKeffwas calculated. The results correlated well with experimental data.
It was noted that prediction of the closure level was highly dependent on the
da/dN = f(AKeff) relationship used.
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Beghini and Bertini [81] considered a residual stress field due to welding in 12
mm thick steel. Three distinct situations were recognised: (1) the crack is
completely open at the minimum load, (2) the crack tip is open while crack
surfaces are partially closed at minimum load and (3) the crack is completely
closed at minimum load. Crack closure prediction using FE and weight function
methods were compared to experimental results. Predicted Kop values compared
well with estimations using FE and weight functions however it was noted that

caution is required when dealing with partially open cracks.

Kang et al. [82] studied the behaviour of fatigue crack growth (FCG) and closure
through a compressive residual stress field evolving from electron beam welding
in 6 mm thick steel. They found that depending on the type of residual stress field
in the region of crack growth, the growth and closure ofthe crack showed different
patterns, particularly inthe transition region from a compressive to tensile residual
stress field. This was attributed to partial crack opening when the load was
released i.e. itdidn’t close at the crack tip first. These findings are similar to those
reported by Choi and Song [83]. Kang et al. [84] also studied the effect on FCG
and closure level through a tensile residual stress field under compressive
applied loading. Comparisons were made between experimental FCGR and
predictions were generated. They concluded that prediction based on the Reff
method and the AKeff method correlated well with FCGR measurements.
However they also concluded that a version of the Reff method where AKeft=

Kmax+Kres and Reff = 0 when Kmin < 0 may lead to non-conservative estimates.

Schnubel and Huber [85] considered closure in a welded 5 mm thick compact
tension C(T) specimen. An elastic FE model was used with and without hard
contact of the crack faces to compare the superposition approach with a contact
approach. A significant difference between calculated SIF with and without
contact was found particularly in the transition region from compressive to tensile
residual stress. This attributed to the effect of the contact condition on the local

opening behaviour of the crack face near the crack tip.
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Moshier and Hilberry [86] considered a 2.54 mm thick AA2024-T3 SENT (single
edge notched tension) specimen. A tensile overload was applied to induce a
compressive residual stress field. They noted that when a crack grows in a
component without compressive residual stress, it leaves plasticity in the wake of
the crack. However when compressive residual stress is present, the residual
stress acts as an external closing mechanism, opposing the applied tensile load,
which forces the crack closed and reduces the amount of plastically deformed
material. This results in an opening stress due to plasticity that is less than the

original opening stress when residual stress was not present.

The effect of compressive residual stress on FCG resulting from hole driling was
modelled using elastic-plastic FE analysis [87]. Both isotropic hardening and
plastically induced crack closure (PICC) were considered. Predicted FCGR

compared well with experimental results, to within a factor of 5%.

Lilledahl et al. [88] considered a residual stress field resulting from welding in
7mm thick AA2024-T351 alloys. They compared the AKeff approach with
superposition approach. Superposition compared well with experimental results
at lower load levels. In contrast, the AKeff approach was better at greater load
levels. However, it was noted that the reason for this may have been due to the

experimental measurement technique used.

Wang et al. [89] considered a compressive residual stress field generated after
shot peening on etched 7075-T7451 dogbone samples (t = 6.35 mm). They
extended the Newman PICC method by using crack tip open displacement
(CTOD). The predicted fatigue lives based on the closure model were within a

factor of 2-3 of experimental lives.

Good agreement, between predicted results and experimentally measured
FCGR, was found by Ma et al when they investigated a weld-induced residual
stress field [90]. A crack closure-based approach was used where crack opening

levels were predicted using Newman’s equations [66].
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The effect of residual stress induced by shot peening on crack closure was
measured by Zhu et al. [91]. Crack closure levels were found to increase with
shot peening intensity and were on average 2x greater than for the unpeened
condition. They noted that the opening level initially increased prior to decreasing
with crack extension, but no residual stress measurements were made. A closure
based model [FASTRAN] was used to predict FCGR from a machine made
scratch in 4340 steel [91]. Crack growth was through a residual stress field
induced by shot peening. Very good agreement between predictions and
experimental measurements were reported. Variances in FCGR behaviour were
accounted for by working within the closure corrected effective stress intensity
factor range on LSP treated titanium [92,93].

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

of the results.

2.3 Residual Stress

The mechanism of residual stress formation by deep rolling and laser shock
peening and the effect on fatigue performance is reviewed in sections 2.1.1 and

2.1.3. Residual stress measurements are reviewed in section 2.1.2.
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Residual stresses can be defined as those stresses that remain in a material or
body after manufacture and processing in the absence of external forces or
thermal gradients [95,102]. Compressive residual stress acts by pushing the
material together, while tensile residual stress pulls the material apart. From a
mathematics perspective, compressive stress is negative and tensile stress is
positive. Normal stress is characterised by the fact that it acts perpendicular to

the face of a material and shear stress acts parallel to the face of a material.

Residual stresses are generated, affecting the equilibrium of material, after
plastic deformation that has been caused by applied mechanical treatments,
thermal loads or phase changes [95,96]. Mechanical and thermal processes

applied to a component during service may also alter its residual stress state [95].

Residual stresses can be induced into the material unintentionally for example
during welding or other manufacturing processes [97-99]. On the other hand, they
can be deliberately introduced into the material by mechanical procedures such
as deep surface rolling [13,15,18] and laser shock peening [15,18,101]. Residual
stresses can be initiated by a variety of mechanisms including plastic

deformations, temperature gradients or structural changes [15,95].
To summarise, residual stresses can be classified into three types [103]:

Type |1 Refers to macro residual stresses that develop in the body of a

component, and are on a scale larger than the grain size of the material.

Type Il Are micro residual stresses that vary within the scale of an individual
grain. Such stresses are expected to exist in single-phase materials and may also
develop in multi-phase materials, due to the different properties of the different

phases.

Type Il Are micro residual stresses that exist within a grain, but at a much
smaller scale that type Il. Essentially, they are formed as a result of the presence
of dislocations and other crystalline defects. Type Il and Il are often grouped

together as microstresses.
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Knowledge of the residual stress state is important in order to be able to
determine the actual loads experienced by a component. In general, compressive
residual stress in the surface of a component is beneficial. It tends to increase
fatigue strength and fatigue life, slow crack propagation, whilst helping to increase
resistance to environmentally assisted cracking such as corrosion cracking and
hydrogen induced cracking [104]. Tensile residual stress in the surface of the
component is generally undesirable as it decreases fatigue strength and fatigue
life, increases crack propagation and lowers resistance to environmentally

assisted cracking [105].

2.3.1 Residual Stress Formation by Deep Surface Rolling

Numerous manufacturing processes are able to induce, as an inherent by-
product, residual stress in components such as welding, machining, forming,
hardening, casting and forging [98-101]. These stresses are generally undesired
and sometimes additional steps are added to the manufacturing process to
induce beneficial compressive residual stress at safety-critical locations such as
shot peening [101,106], laser shock peening [101,107], low plasticity burnishing
[108], deep surface rolling [13,15,18], hammer peening [109-111]. The benefits
of compressive residual stresses to enhance fatigue strength in metallic
components have long been recognised [112]. Residual stress can also be
induced from pre-service loading (such as proof testing) and in-service loading
(such as maximum service load causing yielding at stress concentrations) [113].
For the majority of cases reviewed on residual stresses in this thesis have
focused on those induced from deep surface rolling or laser shock peening

processes.

The beneficial effect of compressive residual stresses on the fatigue behaviour
of metallic components cannot be taken as a general rule, owing to the fact that
substantial relaxation may occur during the initial cycles depending on the
material properties, residual stress depth distribution and loading (mode and

intensity frequency) [114]. Within this scenario, relaxation seems to be closely
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related to the method used to induce the scale of residual stress and applied
subsequent stress states. In the particular case of deep rolling (schematically
represented in Fig. 2.7), cold working due to plastic deformation takes place as
the tool travels along the path determined by rolling speed and feed while a
predetermined load, higher than yield strength of the work material, is applied. As
a result, axial and tangential compressive residual stresses are induced together
with an increase in hardness and, occasionally, in strength [115]. However, the
maxima for residual stress and hardness are found beneath the surface due to
the Hertzian contact pressure [116]. Finally, flattening of the roughness peaks
owing to plastic flow leads to the improvement of the surface finish, thus hindering

the nucleation of surface cracks, compared to the shot peening treatment.
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Figure 2.7 Effect of deep rolling on residual stress and hardness distribution in
steels [115]

Residual stress relaxation occurs when a critical value for the applied stress
amplitude is exceeded, and cyclic direct dislocation movement converts the
elastic strain associated with the macro residual stress into microplastic strain
[117].
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2.3.2 Measurements of Residual Stress Fields

Residual stress measurement techniques invariably measure strains rather than
stresses, and the residual stresses are then deduced using the appropriate
material parameters such as Young's modulus and Poisson’s ratio. Often only a
single stress value is quoted and the stresses are implicity assumed to be
constant within the measurement volume, both in the surface plane and through
the depth.

When comparing results from different techniques, consideration should be given
to the sampling volume and resolution of each measurement method in relation
to the type of residual stress being measured, particularly when the Type Il and
Type Il micro residual stresses are of interest. It is also important to consider the
concept of the characteristic volume, which can be used to describe the volume
over which a given type of residual stress averages to zero. Most material
removal techniques (e.g. hole-drilling, layer removal) remove large volumes of
material over which Type Il and Il stresses average to zero so that only the macro

residual stresses can be measured.

Different residual stress measurement techniques exist for different applications.
Each of the methods has unique advantages and disadvantages which need to
be considered when selecting the appropriate measurement technique. Some
information on the workpiece to be measured is therefore required, including its
material properties, geometry as well as measurement location and direction. The
more information is known in advance, the easier it is to select the most useful

method.

Residual stress measurement can be categorized into three different groups:
destructive, semi-destructive, and non-destructive techniques. Techniques
belonging to the destructive group are mechanical relaxation and crack
techniques, which can result in somehow damaging the material. In the semi-
destructive group, the workpiece can be partially sectioned, however, to some

extent it could be still used. Hole driling and incremental centre hole-driling are
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included into this group. Non-destructive techniques contain the diffraction

methods and the use of the stress-sensitive properties.

In most cases, numerous measurements are taken to define the residual stress

distribution. As a result, the accuracy of each measurement is less relevant [118].

a. Hole Drilling [115,119]

Hole drilling is one of the most widely used techniques for measuring residual
stresses. It is relatively simple, cheap, quick and universal. Equipment can be
laboratory-based or portable, and the technique can be used to a wide range of

materials and components.

Hole drilling or Mathar-Soete drilling technique consists in driling a hole in a
material which has residual stress and measure the stress released after it. The
hole is made between at least three strain gauges in a rosette distribution
[122,123].

Kelsey [124] proposed to drill the hole by steps and measure the strain at each
step giving a profile of the residual stresses through the thickness. The problem
with this method lies in determining the correlation coefficients needed to
establish the stress. The main advantage of this method is its low cost and
flexibility. Moreover, in some cases the workpiece can be still used by filling the

hole (for this reason this method is frequently called semi destructive).

This method is valid when the residual stress profile is uniform and does not vary
significantly with the depth of samples. Non-uniform residual stresses from
incremental strain data via the Integral Method can be calculated. And it was
shown to be a preferred technique for accurate determination of residual stresses

irrespective of the original stress distribution.

Despite some shortcomings the hole drilling technique remains a popular means

of measuring residual stresses.

b. X-Ray Diffraction [125]
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X-Ray diffraction relies on the elastic strains within a polycrystaline material to
measure internal stresses in a material. The deformations cause changes in the
spacing of the lattice planes from their stress free value to a new value that
corresponds to the magnitude of the applied stress. This new spacing will be the
same in any similarly oriented planes, with respect to the applied stress and
crystal lattice, therefore effectively acts as a very small strain gauge. The
measurement itself is relatively straight forward and equipment readily available.
During a measurement the specimen is irradiated with high energy X-rays that
penetrate the surface, the crystal planes diffract some of these X-rays, according
to Bragg’s law and a detector, which moves around the specimen to detect the
angular positions where diffracted X-rays are located, records the intensity of
these rays at that angular position. The location of the peaks enable the user to

evaluate the stress within the component.

XRD is a non-destructive technique for measuring surface stresses. It can be
combined with some form of layer removal technique so that a stress profile can

be generated, but then the method become destructive.

One of the main disadvantages with XRD is the limitation imposed on the test
piece size and geometry. The geometry has to be such that X-ray can both hit
the measurement area and still be diffracted to the detector without hitting any
obstructions. Problems may also occur if the surface is too rough, so surface
condition is a consideration. Size may also be a problem, because the entire
artefact or component must fit into the diffractometer. X-ray diffraction has a
spatial resolution of 1-2 mm down to tens of ums and a penetration depth of

around 10-30 um, depending on the material and source.

c. Synchrotron generated X-Rays [126]

Synchrotron, or hard X-rays, provide very intense beams of high energy X-rays.
These X-rays have a much higher depth penetration than conventional X-rays,
typically around 50 mm in aluminium. The increased penetration depth means

that synchrotron diffraction is capable of providing high spatial resolution, three -
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dimensional maps of the strain distribution to millimetre depths in engineered

components.

This increased penetration depth is one of the major advantages of synchrotron
diffraction over the more conventional X-ray diffraction. Another great advantage
that synchrotrons have is that intense narrow beams of 1 mm-10 pm in size are
possible. This leads to spatial resolutions that are limited not by the instrument
but by the crystallite size within the sample. The measurement is also very much
quicker than with conventional X-ray diffraction. With measurements times of a
fraction of a second, detailed strain maps of components can be constructed

using a few hours of beam time.

Presently, synchrotron diffraction is only available at central facilities, in much the
same way as with neutron diffraction. Two such facilities are the European
Synchrotron Research Facility in Grenoble, France, and the SRS in Daresbury,
UK.

d. Neutron Diffraction [115,121]

Neutron diffraction (ND) as is classical X-ray diffraction (XRD) and strong X-ray
synchrotron diffraction (SD) are based on the same principle and are
complementary. Due to their very nature, XRD is suitable for surface
measurements, SD for shallow depths and thin specimens, and ND for bulk
measurements within thick specimens. The greatest advantage that neutrons
have over X-rays is the very large penetration depths that neutrons can obtain,
which makes them capable of measuring at near surface depths of around 0.2
mm down to bulk measurements of up to 100 mm depth in aluminium or 25 mm
in steel. With high spatial resolution, neutron diffraction can provide complete
three-dimensional strain maps of engineered components. This is achieved

through translational and rotational movements of the component.

This method of stress measurement, with the capacity for collecting large
guantities of data (via position sensitive detectors) over the whole surface and
depth (depending on the thickness of the sample) has made neutron diffraction a
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particularly useful technique for the validation of theoretical and numerical models

of mechanical treated components or welded parts [127].

Figure 2.8 schematically shows a typical continuous source based diffractometer
for measuring strain. And the gauge volume over which the strain measurement

IS made, is given by the intersection of the incident and diffracted beams.
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Figure 2.8 Schematic illustration of a typical continuous source based
diffractometer for strain measurement [121]

Neutron diffraction has been applied to measure residual stresses in various
types of materials and industrial components [128]. This method has been
extensively used for measurement of residual stresses in welds as the stresses
are usually high, the gauge volume typically used is small compared to the weld
and the penetration depth of the neutron beam into the material is large. The
method is non-destructive at the point of application and is therefore ideal for the
monitoring of residual stress field in fatigue samples, although some components

require the machining of access channels and welds require the determination of
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a point-to-point stress-free lattice reference which requires extraction of material

from the weld being measured or an identical component [121].

Withers and Bhadeshia [103] suggest that, generally, continuous sources
provide the best results, when single peaks of the diffractogram is studied (as for
mild steel residual stress measurements), while time-of-fight based instruments
are particularly good when the complete diffractogram or a certain number of
peaks are necessary, as for a multiphase material. In addition, Webster et al [126]
recommend neutron diffraction as the best technique available currently to map

two and three-dimensional internal strain.

Furthermore, the method is non-destructive at the point of application and is

therefore applicable for monitoring of residual stress fields in fatigue samples.

2.3.3 Effects of Residual Stress on Distortion and Fatigue
Performance

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

residual stress elsewhere in the component.

This is most evident of residual stress fields induced through welding processes.
Tensile residual stress parallel with the weld line normally forms in the centre the

weld with balancing compressive residual stress at the edges.

Residual stress and distortion are two phenomena closely related and largely

opposed [129]. The uneven heating cycle during welding causes localised plastic
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strains in the weld metal and surrounding material. This misfit of the plastic strain
causes the residual stress. To minimise the strain energy of the weldment, it
distorts.

In-plane distortions include shrinkage in the transverse and longitudinal
directions, and rotational distortion of the workpiece with respect to the weld line
due to material shrinkage as the weld progresses. Out-of-plane distortion types
include longitudinal bending, bucking, and angular distortion. Dong et al, [130]
distinguishes the distortions which are linearly dependent on the residual stress
as stable, while the nonlinear modes are described as unstable (buckling). On
the other hand, residual stress after welding has a wider influence than only
causing distortion. It could reduce the fatigue life and corrosion resistance, and
accelerate the fatigue crack growth rate [131]. Beghini et al. [132] studied the
effect on FCGR of welding induced residual stress fields in C(T) specimens. It
was found that fatigue cracks grew faster through the tensile residual stress and
slower through the compressive residual stress field compared to in the baseline
material. Crack propagation can also be influenced by changes to micro-
hardness and microstructure in the weld heat affected zone however it has been
found that residual stresses are the most important parameter influencing FCGR
[133,134].

As a conventional treatment, shot peening has been applied to components to
improve fatigue performance for years by inducing a compressive residual stress
field near the surface region. There has been extensive research on the effect on
fatigue of shot peening [106,115]. Early research by Reed & Viens [135] found a
25% improvement of the endurance limit after shot peening of Ti-6Al-4V. The
effect of shot peening induced residual stress on the fatigue performance of
AA7010 and AA8090 was studied by Mutoh et al. [136]. They found that the crack
initiation time after peening was shorter due to the rough peened surface.
However, the FCGR was significantly reduced by the compressive residual stress

field and total fatigue life was greater after peening.
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Residual stresses develop during most manufacturing processes involving
material deformation, heat treatment, machining or processing operations that
transform the shape or change the properties of a material. They arise from a
number of sources and can be present in the unprocessed raw material,
introduced in manufacturing or can arise from in-service loading [137]. The
residual stresses may be sufficiently large to cause local yielding and plastic
deformation, both on a microscopic and macroscopic level, and can severely
affect component performance. For this reason it is important that some
knowledge of the internal stress state can be deduced either from measurements

or modelling predictions.

2.3.4 Effects of Residual Stress on Fatigue crack growth

Two methods have been widely used to predict the fatigue crack growth rate
through residual stress fields. The first uses the superposition method and the
other is based on the crack closure. The superposition method requires
calculation of the stress intensity factor associated with the initial stress state
(Kres) [45]. The stress intensity factor account for the residual stress is then
superimposed on the stress intensity factor due to the externally applied loading
(Kapp) to give a total resultant stress intensity factor as shown in equation 2.28
and 2.29 below.

K K + K

tot,max — Mapp,max

2.28

res

K =K + K 2.29

tot,min app min res

The stress intensity factor range and stress ratio are then calculated using
equations 2.30 and 2.31 below. It is interesting to note that for the superposition
method AK is independent of the residual stress field and it is only the mean

stress and stress ratio that are affected.

AK,o = Ktot,max - Ktot,min = Kapp,min - Kapp,min = AK 2.30

K tot,min 2 3 1

Ry = K

tot,max
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Fatigue crack growth rate can then be calculated using a correlation of the form

shown in equation 2.32 below.

da
-y = f(AK.Ry) 232

The weight function method and elastic-plastic FE analysis can be used to
calculate Kres and both have been found to produce similar results when applied
to the same problem [195]. The advantage of the weight function method is that
it provides fast reliable predictions however it does require a specific weight

function for the specimen geometry being analysed.

Predicted and measured FCGRs through a residual stress field in a welded M(T)
sample were compared by Servetti [196]. Three prediction methodologies were
assessed namely superposition, crack closure based on Newman’s equations
[66], and crack closure based on an FE contact model. He found that the closure
method based on an FE contact model was in best agreement (within 20%) with
experimental measurements. From his work, it was noted that accurate
measurement of the residual stress field, in particular the compressive region,

was critical for accurate predictions.

2.4 Introduction of Deep SurfaceRolling And Other Surface
Treatments

In this section, several mechanical surface treatment methods for surface
optimization are described and compared. After a brief development of the deep

rolling process, the current developments are addressed in detail.

2.4.1 Past and Present Development of Deep Surface Rolling

In all further elaborations, the terminology “deep rolling” refers to a surface rolling
treatment using rolls or ball-point tools with the purpose of inducing deep plastic

deformations and residual stresses in near-surface layers in contrast to “roller
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burnishing” which is usually applied with much lower forces or pressures and

mostly aims to obtain a certain surface quality especially in terms of roughness.

It is well-known that mechanical surface treatments, such as deep rolling, shot
peening and laser shock peening, can significantly improve the fatigue behaviour
of highly-stressed metallic components. Deep rolling belongs to a group of
manufacturing technologies, which are used to induce the mechanical strain

hardening of the surface layer.

Deep surface rolling is particularly attractive since it is possible to generate
compressive residual stresses near the surface and work hardened layers while
retaining a relatively smooth surface finish. With regards to the component
requirement, deep surface rolling distinguishes itself by two substantial
advantages from all the other mechanical strain hardening methods. The first
advantage is that the highest and deepest compressive residual stress can be
induced into the component surface layer. Secondly, the surface quality can be
maintained, especially in comparison to the shot peening and laser shock

peening.

It can be assumed that mechanical surface treatments of metallic materials have
been used for thousands of years (e.g. hammering of swords after forging), but it
was not until the first half of the last century that treatments like deep rolling or
shot peening have experienced widespread industrial applications in mass
production. In the U.S.A., deep roling was applied in the twenties of the last
century as a surface treatment to strengthen axles of the Ford T and in the thirties,
axles of trains were also deep rolled [12]. Significant pioneer work in the U.S. in
that field was carried out by Horger [138], in Germany, Foppl [139] and Thum
[140] have debated about the causes of fatigue enhancement by deep rolling,
probably inspired by materials failures in the oil industry. In the seventies, the
basic effects of deep rolling on fatigue behaviour were thoroughly investigated
and the influence of notches and material hardness on fatigue strength

enhancement of deep rolled components became clear [141-143]. In the eighties,
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deep rolling was already used in combination with thermal surface treatments
such as induction hardening, especially in the automotive industry [144]. Certainly
today, the most well-known example for the application of deep rolling are deep
rolled crankshafts, but this outstanding surface treatment has also found its way
into other technical fields and applications, for example for surgical implants as
well as for turbine blades in the power plant and aircraft industry among

numerous others.

A variety of parameters during the deep rolling process severely influences the
near-surface residual stress state among which the rolling force or pressure is
certainly the most important. It is known that only optimised rolling forces increase
the fatigue strength, where overly low rolling forces have no pronounced effect
on the fatigue behaviour and where overly high ones may even aggravate it, for
instance by inducing microcracks. Typically, especially for hard materials, deep
roling leads to a subsurface maximum of residual stresses as expected by
Hertzian theory [145] predicting maximum equivalent stresses below the surface.
It should be noted that the position of the residual stress maximum not only
depends on the rolling force, but also on the exact contact geometry of the
involved workpiece and rolling tool. With increasing rolling force the compressive
residual stresses also increase until a “saturated” level of compressive residual
stress is reached (usually determined by the yield strength or work hardened
state of the material) [12]. However, a further increase of rolling force shifts the
area of compression into greater depths and finally higher rolling forces can lead
to subsurface compressive residual stresses but tensile residual stresses at the
surface. Simultaneously, usually near surface hardness is also increased by work

hardening effects.

Experimental results [146] have demonstrated that deep surface rolling (DSR)
can improve the fatigue life in metallic materials and components significantly,
compared to untreated baselines and shot peened conditions. It was suggested
in reference [113] that deep rolling could offer even higher fatigue lives, if the

component or coupon were heated to an optimised temperature range during the
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deep rolling treatment, similar to warm peening. This process is known as
‘thermomechanical deep rolling”. DSR and similar mechanical surface
enhancement technologies such as low plasticity burnishing [108] have many
attractive features, including deep beneficial compressive residual stresses at the
surface to a depth of 1 mm or further, great tolerance to residual stress relaxation
at elevated temperature and under fatigue loading, due to less cold work induced
by the controlled DSR process (in comparison with SP), and good surface finish
[108,147,148].

2.4.2 Other Surface Mechanical Treatments

The resistance of a material against fatigue can be increased by surface
treatment techniques such as cold deep rolling [12,149], water peening [151],
shot peening [12,150], low plasticity burnishing [108], laser shock peening
[14,16,113], ultrasonic shot peening [148].

The shot peening process is widely used in aerospace and other industries to
improve the fatigue performance of components as a conventional and
inexpensive mechanical surface treatment. The shot peening technique was
invented in the 1920’s in Germany and the USA independently and has been
widely used in industry since the 1950’s [152]. It is often used for the specific
purpose of improving the fatigue strength and fatigue life. During the process
ceramic or metallic balls, called shot, are fired with force onto the surface to be
treated. Each shot acts as a hammer and creates a dimple on the components
surface plastically deforming the near-surface layer by stretching as illustrated in
Figure 2.9 (A). The neighbouring elastic material reacts against the stretching
and a compressive residual stress field is formed, illustrated in Figure 2.9 (B).
However other changes to the material can occur such as microhardness,
dislocation density, surface roughness, surface defects and changes in phase

composition [153].
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Figure 2.9 (A) Dimple creation on material surface during shot peening and (B)

formation of compressive residual stress around dimple [106]

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

during laser shock peening is actually the result of cold working.

Due to the lack of precise control, other mechanical treatments by piezo peening

(figure 2.10) and laser peening will be applied.
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Figure 2.10 Schematic illustration of piezo peening plant [110]
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The piezo actuator is oscillating with a given frequency fand an amplitude a. A
spherical indenter is attached to the actuator. The indenter impacts on the
specimen which is moved by a linear guide unit in a meandering pattern. An
important factor is that the indenter lifts off after each impact. Using the soft
bearing, the z-position can be adjusted so that the contact can be regulated as
desired. During the peening process, there are several values measured, the
average load at different time steps, the time, the excitation voltage between

indenter and specimen, the strain of the piezo actuator, respectively.

Laser shock peening is a technique for the surface treatment of metallic materials.
LSP is applied to improve the fatigue performance of the treated component by
creating a layer of compressive residual stress at the surface. The first reported
investigation on the effect of stress waves created by lasers and their effect on
metals was by White in 1963 [154]. The first patent for an application of LSP was
in 1974 [155]. Initially applications of LSP were limited due to the size and
expense of the required laser systems. However over the last two decades its
application has increased significantly as more suitable laser systems were
developed. It has been used extensively in the aerospace industry for the
treatment of gas turbine blades and discs, and more recently wing attachment
lugs. Other applications of laser peening include treatment of steam turbine
blades [156], forming of metals [157,158] with applications to aircraft wing panels,
enhance service life of automotive springs [159], and as a preventative measure
against SCCin nuclear power reactors [160]. The effect of LSP process variations
on the induced residual stress fields has been assessed for a range of materials
such as steel [161-163], titanium [164-166], and aluminium [167-169].

2.5 Computation Simulation and Finite Element Analysis of
DSR

For welding engineering, deep rolling, to reduce residual stress and distortion, is

a stress engineering technique that exploits the action of a normal loaded roller
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to induce strain in the in-plane directions. This technique is proposed in some
books [112,170] as a method to reduce distortion. However, there only a few
publications about deep surface rolling [171-175]. In addition, some of the
literature is focused on preventing hot cracking, and improving mechanical

properties rather than reducing residual stresses or distortion.

In the literature different rolling approaches have been found. They can be divided
according to the location where the rolling process is applied: rolling both sides
of the weld seam simultaneously (upper and lower surfaces) [172]; rolling over
the weld seam with either one [173,174] or two consecutive rollers [175]; or rolling
beside the weld seam [173,174]. Additionally, the roller can be applied after
welding, or in situ at a certain distance from the welding torch (or welding tool in
FSW). Rolling the upper surface of the weldment has operational advantages. It
can be easily adapted to different weldment geometries, and can be applied in

situ during welding.

The mechanical elementary process of deep surface rolling is the surface
pressure created between the workpiece and the roller in the contact area. During
this process, triaxial stress states are generated, which change with the distance
to the surface. They are dependent on contact geometry, such as the elastic
contact between a sphere and a flat plate. The beneficial effects from deep
surface rolling are the smoothing and low friction at the immediate surface. When
the yield strength is exceeded by the resulting equivalent stress, local plastic
deformations occur, generating residual stress and the corresponding

microstructural work-hardening or work-softening effects.

Backer et al. [176] analysed the deep rolling process on turbine blades using the
FEM/BEM-Coupling. Moreover, this enabled the computing of large-scale models
at low computational cost and with high result accuracy, allowing investigation of
the effect of the deep rolling on damages caused by the unavoidable impact of

foreign objects.
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Earlier models focused more on the use of two-dimensional models due to their
reduced cost and ability to capture the effects of the key parameters of the deep
cold rolling (DCR) process. These two-dimensional models used the plane strain
assumption, which leads to these models being unable to accurately predict
residual stresses in the axial (perpendicular to rolling) direction and the near-
surface regions [178]. Another method utilised microscale FE models, through
the use of mathematical algorithms and assumptions, to map macroscale FE
models [179].

A comprehensive 3D finite element dynamic analysis with considering spring
back effect was conducted to simulate the deep rolling process. The model was
validated by comparison of the residual stress profiles obtained by simulation and

result of X-Ray diffraction technique [177].

A three-dimensional finite-element (FE) model, validated with experimental
residual stress data, was used to study the effect of the process [149]. The result
showed that previous assumptions of residual stress distributions based on a
single residual stress profile measurement could be over simplistic at best and at
worst neglect to consider the impact of the burnished—unburnished boundary.
Especially problematic since the largest impact of the DCR process can be
observed at the boundary of the treated zone. A deeper understanding of the
residual stress distributions and the location of the balancing tensile residual

stresses were critical for ensuring that there was overall fatigue life enhancement.

2.6 Conclusions

There is a large amount of study on the aspect of introducing compressive
residual stresses by the variety of surface treatments. Deep surface rolling
method is considered as a cost-effective tool, to improve the dynamic strength of
a component by the generation of compressive residual stress state. However,

distortion is a major cause of a structural failure and material waste. There are
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not many studies mentioning how to balance distortion and compressive residual
stresses. It was reported that balancing tensile stress field can increase the
FCGR enough to effectively wipe out the beneficial effect of the induced

compressive residual stress field [197].

Finite element models provide an approach to optimise the mechanical surface
processes, to meet manufacturing requirements. There are many advantages of
FE modelling the distortion behaviour and the residual stress during the deep
surface rolling process. Firstly, it allows a deep understanding of the phenomena
involved, and allows exploring different conditions, such as loads, roller
movement, friction and multiple overlaps. Secondly, it permits (in some cases)

time and material savings in the development and optimisation of this technique.

Superposition method, crack closure based on Newman's equations and FE
models were commonly used to predict FCGRs. However, the predicted FCGR
through a residual stress field is quite sensitive to the accurate measurement of
the residual stress field, particularly in the compressive region. The weight
function method can be used to calculate Kres. The reliable prediction requires a

specific weight function for the specimen geometry being analysed.

Therefore, this thesis will optimise deep surface rolling process by finite element
simulation, then to improve the fatigue performance of aerospace materials.
Furthermore, an analytical method will be developed to predict the fatigue crack

growth rate inan initial residual stress field.

Besides, this research will provide a better understanding of the distortion and
the residual stress distribution after deep surface rolling process. The effect of
deep surface rolling using finite element analysis will be validated with
experimental results. Two predictive models of FCGRs will be compared and
validated by experimental measured FCGRs. The limitations and drawbacks will

be discussed in chapter 7.
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3 Materials and Experimental Methods

In this chapter, all experimental methods and measurements are presented and
detailed. The material used is characterised in section 3.1 and in section 3.2 the
applied surface treatments are described. To fully understand and optimize
mechanical treatments, three case studies are defined, and related geometries
are designed in section 3.3. Distortion is also assessed in consideration of thin
parts. Section 3.4 introduces the distortion measurement technique and
investigates the effects of distortion by DSR. In section 3.5 matrix measurements
of hardness are detailed. Section 3.6 concludes the induced residual stresses by
different DSR parameters, which was measured by ICHD and Neutron diffraction.
The tension-tension fatigue test procedures are given in section 3.7.
Measurement of crack length is briefly introduced in section 3.8. Finally,
measurement of striation spacing on the fracture surface was performed after

fatigue tests and the methodology followed is given in section 3.9.

3.1 Materials and Mechanical Properties

The material was supplied by Airbus and sourced from Alcoa. The materials were
2024-T351 and 2524-T351 wrought aluminium sheet 1.6 mm thick and clad on
both sides with soft unalloyed aluminium that constitutes nominally 2.5% of
thickness (i.e. 50 um thick on each side). Following the requirements of test
specimen geometries, 120 mm x 240 mm rectangular sheets were machined.
AA2024-T351 is commonly used in the aerospace industry for aircraft fuselage
panels and wing skins. AA2524-T351 is newly applied to replace the AA2024-
T351 for relevant components. 2000 series alloy uses copper as its major alloying
element. Table 3.1 shows the composition of 2024 aluminium as specified by
Alcoa. Table 3.2 shows the main alloying elements and specific properties of
2524-T351.
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Table 3-1 Chemical composition limit (WT.%) of alloy 2024-T351 [180]

Si... 0.06 n... 0.15
Fe... 0.12 Ti... 0.10
Cu... 4.0-4.5 Others, each. 0.05
Mn... 0.45-0.70 Others, total. 0.15
Mg... 1.2-1.6 Balance, Aluminum

Cr... 0.05

Note: Value maximum if range not shown

Table 3-2 Chemical composition limit (WT.%) of alloy 2524-T351 [181]

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

Cr... 0.1

Note: Value maximum if range not shown

Regarding the heat treatment of both alloys, the T351 solution heat treatment
requires heating the material to a temperature of 500°C followed by quenching to
less than 40°C. After heat treatment, the material is stress relieved by controlled

stretching (1-3%) and then aged naturally. There is no further straightening after
stretching.
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The mechanical properties of the material using in this study were obtained by a
tensile test according to ASTM standard E8M [182]. Three samples of each alloy
were tensile tested parallel to the rolling direction and perpendicular to the rolling
direction as well. The dimension of the tension test specimens is shown in figure

3.1, and the average is reported in table 3.3.
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/
L =40 0.5 mm
| =82 mm
Dimensions in millimetres
I3 Overall length > 132
l1Length of naroow parallel-sided portion 50 £ 0.5
r Radius 20
I2 Distance between broad parallel-sided portions 76.5 £ 0.5
b2 Width at ends 20 £0.2
b1 Width of narrow portion 10 £ 0.2
h Thickness 1.6
Lo Gauge Length 40 £ 0.5
L Initial distance between grips 82+1

Figure 3.1 Standard dimensions of rectangular tension test specimen (ASTM-ES,
182)
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Tension tests were conducted on the 100kN servo hydraulic Instron system.
Small strips of silver reflective tape were applied to the template at the top and
bottom of the section with the tabs of each specimen [183]. The displacement
was 1mm/min for all tension testing specimens. Changes in gauge length were
measured by using a laser extensometer. Figure 3.2 gives stress-strain results of
2524-T351 (LT) samples tested by tensile tests, as an example.
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Figure 3.2 Stress-strain result of 2524-T351 (LT) samples measured by tensile
tests

The proof stress, ultimate tensile stress and elongation at fracture are measured
and averaged from the results of BL tensile tests. The mechanical properties of
AA2024-T351 and AA3524-T351 are summarised in table 3.3.

50



Table 3-3 Mechanical properties of AA2024-T351 and AA2524-T351

Material 0.2% Proof Stress  Ultimate Tensile Elongation at
(MPa) stress (MPa) Fracture (%)
2024/L 330+£6.2 443.3 +4.2 165+1.1
2024/TL 294+14 425.6 £ 3.2 209 +23
2524/ 351+2.6 436.7 + 2.8 156 +1.2
2524/TL 299+ 3.6 412.7+25 225+09

The Values for Young’s modulus (E) and Poisson's ratio (v) are referred from

Alcoa database and are shown in table 3.4.

Table 3-4 Young’s Modulus and the ratio of AA2024-T351 and AA2524-T351

Material Young’s Modulus E (MPa) Poisson's Ratio v
2024-T351 73000 0.33
2524-T351 71000 0.33

Mechanical properties shown in table 3.3 and table 3.4 were used as material
properties when carrying out FE analysis and residual stress calculation via the
integral method. Figure 3.2 shows the stress-strain curve of AA2524-T351 (LT)
as measured by tensile testing. Results of stress-strain data are used to

determine isotropic material properties using FEM.
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3.2 Mechanical Surface Treatments

Metal fatigue and corrosion damage to aircraft components, are a major threat to
safety, and to the flight availability, of civil and military aircraft. This has led to
novel surface enhancement methods, alongside advanced aircraft repair

technologies being extensively investigated in the last decade.

3.2.1 Deep Surface Rolling

A schematic drawing of a typical rolling rig is given in figure 3.3. The sample
sheets are fixed during the rolling process by a vacuum clamping system. This
machine provides a constant force. The oscillating mass is fixed to the crossbeam
and the rolling load is provided by a lowering of the roller assembly, activated by
hydraulic piston pressure between the workpiece and the crossbeam. Deep
surface rolling generates a highly compressive residual stress region along the
rolling direction of the workpiece material. The rolling load can provide up to
200kN force.

The roller assembly can be dissembled so that the roller can be changed for a
more appropriate roller profile, if necessary. The roller diameter can vary between
100 to 200 mm and a maximum thickness of 30 mm. The linear crossbeam
translation is performed by the feed motor. The travel speed of the roller has a

maximum value of 25 mm/s.
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Figure 3.3 Schematic diagram of arolling rig [184]. Includes oscillating mass,
crossbeam, linear bearing, main hydraulic system, roller assembly, vacuum

clamping system and laser marker

In order to monitor roller positions during the process of movement, a battery-
powered laser marker is attached to the linear bearing. A vertical beam
perpendicular to the rolling direction is opened during the rolling process. By
adjusting the position, the roller centre can be located in the line of the laser
beam. As aresult, the symmetric rolled area of another surface can be accurately

controlled by recording the laser marks.

As a well-developed surface treatment, that is widely used in welding studies,

DSR has rarely been applied to stress-free components or structures.

To investigate and optimise the deep surface rolling technique, figure 3.4

illustrates the research process.
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Figure 3.4 A flow diagram of the research process used to establish vital
parameters of deep surface rolling on fatigue crack growth rates in terms of

effects on distortion, hardness, and residual stress distribution

Three major mechanical properties were evaluated after samples had been DSR
treated, distortion, residual stress and microhardness, respectively. Optimum
treatment parameters can be configured by assessing the accurate results of
measured distortion and induced residual stress profiles. By improving DSR
processing strategies and optimising the DSR parameters, it is concluded that
the two-side rolling method is a better option compared with the one-side rolling
method. Moreover, optimised DSR parameters can serve the purpose of lowering
the maximum distortion and through-thickness distribution of induced

compressive residual stress.

An interesting study would be to establish a micro-view relationship between
induced residual stress and microhardness. During the DSR process, the contact
pressure is quite high and can exceed the yield strength of the material.
Compressive residual stress near the surface is generated by work hardening.
Additional research into the microhardness distribution within the induced

residual stress field may also be beneficial to this field of study.
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3.2.2 Hammer Peening

Due to the way that the clamping arrangement within the DSR apparatus restricts
the flexibility and movement of the surface being rolled, itis not a suitable process
to use on complex structures. Hammer peening is a novel mechanical surface
treatment which could replace DSR in some respects. Specimens were hammer
peened by using a prototype in KUKA, Germany. Figure 3.5 demonstrates the
equipment components of the hammer peening system.

KUKA Robot

IZ.—

Soft bearing —

ontroller

Piezo actuator Controller
I2
Indenter
Specimen

FORGfix (Air) cold
forging tool

Figure 3.5 Hammer peening equipment components and schematic illustration of
the hammer peening plant [111]. Surface processing with a KR QUANTEC and
KUKA.CNC; main components include robot, controller, hammer head and
specimen/workpiece
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The Kuka robot is a pneumatically operated tool with alinearly oscillating hammer
head (FORGfix from 3s-engineering GmbH) employed for mechanical surface
treatments. Prior to the peening process, the robot measures the workpiece and
then, controlled by software, guides the hammer head over the surface along the
hammer peening path. The piezo actuator oscillates within a given frequency f
and an amplitude a. The sphere diameter, feed rate, path distance, free motion
angle, as well as the load fraction (see below) must be selected, and set, to suit
the requirements. An important characteristic of the process is that the hammer
head indenter-lifts off after contact with the surface of the specimen. The ratio of
time between the hammer head making contact with the specimen surface, is
defined as the load fraction. The load fraction can be adjusted by movement of

the z-position of the soft bearing.

As an optional surface treatment, hammer peening, with limited parameters was
carried out, and evaluation of microhardness is demonstrated later in this chapter.
More experimental results of residual stress assessments are detailed in chapter

4. Fatigue performance is also presented in chapter 6.
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3.3 TestSpecimen Geometry of DSR

To complete this research, three case studies were performed and are as shown

in figure 3.6.
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Figure 3.6 lllustration of three case studies and main aims of each case study

CS1 aimed to investigate the effects that systematic modifications to the DSR
parameters can have on distortion and residual stress profiles. Modified
parameters are not only used for the rolling loads but also to investigate the
effects of two-side rolling methods. Finally, measured distortion and in-depth

residual stress are compared with FEM.

Dependent on the results of CS1, CS2 mainly aimed to obtain more specific DSR
parameters by ICHD (incremental centre hole drilling) measured depth of residual
stress fields. Another investigation of CS2 sought to measure the in-depth

residual stress fields that were induced by hammer peening (HP). A primary
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comparison between experimental results from DSR and HP is summarised in

section 4.3.

The samples of CS3 were treated by DSR and HP, by using the parameters
concluded for the study of CS2. Residual stress fields (in-depth and in-width) of
two specimens treated by DSR were measured by Neutron Diffraction. The
measured RS fields were then compared with FEM, as shown in chapter 5.
Fatigue tests were performed on CS3 samples and the results are revealed in

chapter 4.

DSR case study 1 (CS1)

Aluminium alloy was machined to rectangular sheets of dimensions
200mmx50mmx1.6mm, depicted in figure 3.6. Samples were deep rolled on (1)
one side and on (2) two sides, separately (the rolling process are detailed in
chapter 5). The distortion was measured and defined giving the maximum value
at the very centre point, shown in section 3.3 (distortion methods). The residual
stresses at the measured point of maximum distortion were determined by
incremental centre hole driling (ICHD) and then, the comparative relationship
between residual stresses and the maximum distortion value is presented in
chapter 4. Methods of averaging residual stress are described in section 3.6.
Figure 3.7 shows the single surface rolling process performed on a 50mm x
200mm rectangular sheet, and the rolled area was generated by a 20 mm width

flat roller with a diameter of 100 mm.
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Figure 3.7 Single surface rolling process schematic with dimensions of sample

and roller

For the two-sided DSR process, the sample was simply turned over and fixed

again by the clamping system.

DSR case study 2 (CS2)

Aluminium alloy was machined to square sheets of dimensions
120mmx120mmx1.6mm, as depicted in figure 3.7. Samples were deep rolled on
two sides (the rolling process is detailed in chapter 5). Two DSR strips on each
surface were applied to CS2 samples. CS2 mainly aimed to optimise residual
stress profiles to minimise distortion and to contribute reasonable DSR
parameters for fatigue tests on CS3. The specific rolling loads of measured
samples were 60/15kN, 30/30kN and 30/15kN, respectively. Figure 3.8 shows

the process of DSR on one surface by inducing two rolled strips.
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cs2

Figure 3.8 Two rolled strips on one side induced by DSR process

As for CS1, two-sided rolling processes can be performed by rotating samples by
180 degrees along the centreline.

Aluminium alloy was machined into rectangular sheets of dimensions
120mmx60mmx1.6mm as shown in figure 3.9. Samples were treated by hammer
peening and the parameters can be found in table 3.5. The geometry of the
peened patch is 20 mm x 20 mm square. Hammer peening is known to induce
compressive residual stresses equally balanced in all directions. However, mostly
the CRS values along the x-axis (01) were higher than values along the y-axis
(03). In an attempt to illustrate a better comparison between deep surface rolling
processes and the hammer peening method, the peening tool travelled along the

y-axis perpendicular to the deep rolling operation direction.
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Figure 3.9 Mechanical process of hammer peening

Samples were hammer peened by a prototype in Hamburg, Germany. The
peened geometry is shown in figure 3.9. Samples were firstly measured by ICHD
to acquire the residual stress profiles. Two different parameters of hammer

peening were experimented with, by performing fatigue tests. These are analysed
in section 6.

Table 3-5 Hammer peening parameters

ball diameter Travel speed Step Impact force
(mm) (mm/s) (mm) (kN)
Lower peening 8 50 0.2 ~4
Higher peening 8 100 0.4 ~4

DSR case study 3 (CS3)

Aluminium alloy was machined to the square sheets of dimensions
240mmx120mmx1.6mm as shown in figure 3.10. Samples were deep rolled on
two sides. Two rolled strips on each surface were applied to CS3 samples. In
CS3, residual stresses of three load parameters (table 3.6) were evaluated by

using incremental centre hole drilling (ICHD) and neutron diffraction (ND).
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Table 3-6 Experimental exploration on residual stress distribution in-width (crack
growth direction)

Load parameters 30/18kN 20/10kN 60/15kN

Measurements ICHD ND ND

Limited exploration  Detailed investigation Detailed investigation
Objectives of RS distribution of RS distribution of RS distribution

across rolling strips across rolling strips across rolling strips

Figure 3.10 Optimised parameters of roller diameter and load parametersin CS3

On completion of the above investigation, DSR samples of CS3 were used for
fatigue tests, where specific DSR loads were obtained from the results of CS2. In
CS3, the effects of various DSR parameters on fatigue performance were

investigated, and the conclusion ware revealed in chapter 5 and chapter 6.
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3.4 Distortion Measurements

As a mechanical surface treatment, DSR can induce the highly compressive
residual stresses, and at the same time, more distortion may be generated. By
measuring distortion and residual stress within samples, the relationship between

these two factors can be clarified and systematically analysed.

Distortion measurement was conducted by a Cyclone laser scanner, and a
contact scanning probe was used to identify the scanned surfaces. Scanning is
the process of gathering data from an undefined 3-dimensional surface, where
there is a need to reproduce a complex, freeform shape. Figure 3.11 shows the

equipment for distortion measurement and the clamped sample (right image).

Figure 3.11 Surface mapping scanner and the clamping system of a DSR sample

To obtain the undefined surface in a 3D point cloud, firstly, an analogue contact
probe moves across the unknown surface, after the area and orientation in which
to scan has been defined. As the probe follows the surface, the system records
information in the form of numerical position data. Finally, the data can be

exported in various formats to a CAD/CAM system for further processing.

For most applications, the highest accuracy and quality of surface finish are
obtained using contact sensors, which have several fundamental advantages

over the majority of available non-contact systems.

63



Figure 3.12 Determination of maximum distortion by the scanned point cloud

By viewing the Y-Z plane, a distorted side-surface is mapped by dash-dot lines.
The maximum distortion can be found near the centre line. Near the centre,
several points are selected and measured; then the largest distortion value was

obtained by comparison (see figure 3.12). The final results were concluded in
section 3.6.

3.5 Microhardness Matrix Measurements

As a characteristic of a material, hardness is not a fundamental physical property.
It is defined as a material’s resistance to indentation, and the value of hardness
is calculated by measuring the geometry measuring the permanent of the imprint
left in the material surface by the indenter. The Vickers hardness test method,
also referred to as a microhardness test method, is commonly used for small

parts, thin sections, or case depth work. Microhardness testing [185] gives a
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suitable range of loads for testing with a diamond indenter; the resulting
indentation is measured and converted to a hardness value. The equipment of
hardness testing is shown infigure 3.13 where the principles of Vickers hardness
are also included.

Vickers Hardness Testing

Measured quantity
Vickers hardness HV. Lengths

I
of both diagonals of residual
U test indentation measured.
. - —

Definition
position HV = 0.102 F/A
% = 0.1891 F/d?
:’5 ‘ N A F..testloadin N
PSR A ... indentation surface in mm?
position d ... arithmetic average value
of diagonal lengths in mm

Figure 3.13 Zwick/Roell micro Vickers hardness tester and the schematic

diagram of Vickers hardness [185]

For aluminium alloys, an indenter made of diamond was pressed into specimens
supported on a firm base. The test load (100 grams-force) was applied
perpendicularly to the surface of the specimen, with a defined initial application
time and duration (10 seconds). The indentation was measured after removal of
the load. The length measurement values (indentation depth, diagonals,

diameter) were used to calculate the hardness value.

Figure 3.14 demonstrates the microhardness measurements of DSR samples,

used to evaluate the effects using DSR and HP.
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Figure 3.14 The demonstration of microhardness measurement planes obtained

by cutting from deep rolled samples

As shown infigure 3.14, measurements of Y-Z cross-section were entirely located
within the deep rolled area. Due to the 50um thickness of clad layers close to
both surfaces, measurements were selected from depth 0.3mm to 1.3mm away
from the very top surface, and ar a data interval of 0.5mm. Measurements of X-Z
cross-section consisted of the un-rolled area and the deep rolled area. Results
were compared with the baseline, the effects on microhardness when using DSR

are presented in section 4.2.

The relationship between microhardness and residual stresses distribution is

further built upon and concluded in Chapter 4.
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3.6 Residual Stresses Measurements

Various techniques used to quantify residual stress have already been illustrated
in chapter 2. In this research, incremental centre hole driling (ICHD) and neutron
diffraction (ND) methods were applied to quantitatively map the residual stress

distribution either in depth or width.

3.6.1 Residual Stress Measurement by ICHD

The residual stress fields induced by deep surface rolling and hammer peening
were measured using the incremental centre hole drilling method as implemented
in ASTM-E837 [186]. A brief description of the results is provided in this section
to aid understanding of the fatigue results that follow in subsequent sections. The
platform of ICHD is demonstrated in figure 3.15 along with the setting panel (right)
of residual stress measurements on aluminium alloys.

Motion of x axis

Gauge type
P3input (gauge :

strain amplitier) Gauge factor

Rl O
(831 § & i

£,
Setup the electrical conneghon by
soldoring wires 00to strain g aug
Sl & -
v Sy

5,

Figure 3.15 Equipment of ICHD (left) and the setting panel (right) of RS 3D

The ICHD technique was presented in chapter 2. However, it's important to
remember that residual stress is measured in two perpendicular directions
depending on the alignment of the strain gauge and that residual stress is

measured in increments through the depth. The strain gauges are aligned to
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measure residual stress parallel and perpendicular to the centre-slit (notch)

(crack propagation direction) as illustrated in figure 3.15.

Adequate preparation work is also essential in order to obtain accurate
measurements. For thin and distorted specimens, before conducting any
measurements, solidified resin was applied to the opposite surface of measured
spots, supporting thin samples. Then measured surfaces were carefully polished
before placing the strain gauge. The electrical connection was set up between
the strain gauge and input channels. For distorted samples, the flatness level of
the measured area was ensured by adjusting the clamping tools. Gauge type and

gauge factor were reported on the gauge box and inserted into the setting panel.

The gauge type of aluminium alloys in this research was CEA-XX-062UL-120 and
gauge factor was 2.04 +1%. It is compatible with all methods of introducing the
hole, and the strain gauge grid geometry is identical to the 062RE pattern. The
UL configuration is supplied in 1/16 in (1.6 mm) gauge length.

The original stress state in the component was evaluated from the measured
strain. Both the magnitude and directions of principal stresses were calculated.
To map the residual stress distribution along the entire depth (the maximum depth
by ICHD can be up to 1.4mm), two drilled holes located on the symmetrical
surfaces were measured, and their positions are shown in figure 3.16. In CS1,in
order to build a quantitative relationship between residual stresses and distortion,

the measured holes need to be drilled close to the maximum distortion if possible.
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Figure 3.16 lllustration of residual stress measurements, performed on two
surfaces (CS3), using ICHD

By averaging the values of residual stresses distributed along the depth, the
relationship between residual stresses and distortion can be used to evaluate the
DSR parameters and hence optimise this treatment. Also, through comparing the
distribution of induced residual stress in-depth, optimised parameters of DSR can

be used in influencing fatigue performance and fatigue crack growth rates.

3.6.2 Residual Stress Measurement by Neutron Diffraction

Two samples of different load parameters were measured by SALSA at Institut
Laue-Langevin (ILL), Grenoble, France. SALSA used a hexapod as a sample
manipulator which can freely move and is controlled by six independent hydraulic
pistons. The load capacity of the SALSA hexapod can be over 500 kilograms,
and it allowed tilts up to 30° with a translation range of 600 mm. Arrangements of

the equipment and the clamping of samples are shown in figure 3.17.
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Figure 3.17 SALSA instrument for the strain analyser applications includes Delta
table (support Hexapod), Hexapod, Monochromator, Collimator, Monitor, Area
detector

The positioning accuracy is application dependent and should be to within one-
tenth of the minimum gauge volume dimension. For large specimens/sampling
volumes, less accuracy may be sufficient. The initial positioning of the sample
can be achieved using optical instruments such as theodolites or mechanical
means. The sample table should be able to move in three orthogonal directions
and to rotate around the vertical axis of the instrument.

The neutron wavelength selected to probe specimens was set to 1.61 A (=16.1
nm, where Al (3 1 1) = 1.221 A =12.21 nm). The collimating and receiving slits
were set to get a volume gauge of 0.6 x 0.6 X 2 mm3. The arrangements for the
data acquisition can be seen with samples in place among the detector system

forming an angle of 82° with the incoming beam.

Along the cross-section of the width (figure 3.18), ten positions were marked and
measured by using neutron diffraction, as shown in table 3.7. 34 points of each
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sample were measured and the gauge was inserted into specimens within the
thickness. Each point was measured in three-dimensional directions. Each

measurement was taken for a period of 15 minutes.

Table 3-7 Details of measurements by Neutron diffraction

Location 25mm 35mm 40mm 45mm 55mm 65mm 75mm 80mm 85mm 95mm
measurements 3 3 5 3 3 3 3 5 3 3
Infout patch out in in in out out in in in out

—_— \
|
,b@ Center cross-section —X>
\‘oQ/
& - —— *NT Gaugevolume—b‘ Thickness

&
0'5 N 2
From 0 mm to 120 mm
- ad

Figure 3.18 The measuring process of residual stresses by Neutron diffraction

Measurements extracted from the centre of the DSR patch were taken in-depth
in order to identify the residual stress gradient and to enable to a comparison with
the results of ICHD. Residual stresses were determined by three measurements
in-depth (from 0.6 mm to 1.0 mm), and all measurements should be entirely

confirmed as within the thickness.

Residual stress characterisation by neutron diffraction involves measuring the

change in the lattice parameters or interplanar spacing by measuring peak shift

71



and comparing it to the unaffected metal. The peak angular position is usually
obtained by fitting the experimental peak profile with an appropriate function, e.g.
a Gaussian or a pseudo-Voigt function. The fitting algorithm also provides an
estimate of the statistical error of the peak position, which determines the

statistical error of the strain measurement (Ad/d).

The strains are then calculated using equation 3.1.

d—do_a—ao

3.1
dy ag

E =

Where d and a are the d-spacing and the lattice parameter, respectively, with the
subscript ‘0’ indicating the strain-free values. Following the measurement and
calculation of the strain in all three directions (hoop, axial and radial), a stress

component can be calculated using equation 3.2.

E

Ohoop = 1+v)1-2v) [(1 - V)shoop + v(Eaxial + sradial)]u etc. 3.2

Where E is the bulk Young’s modulus, and v is the Poisson's ratio. For plane
stress conditions (0zz = 0, because of thickness = 1.6 mm of thin aluminium alloys

sheets), the unstressed lattice spacing do is simplified to equation 3.3.
1_
do = ﬁ(dhoop + daxial) + ﬁ;dradial 3.3

Once the data was integrated and then corrected with the help of the LAMP
(Large Array Manipulation Program), the peak height is defined to be background
subtracted. Residual stresses were calculated in both the rolling direction (hoop)
and perpendicular to the rolling direction (axial). Results of measured residual

stresses are given in section 4.3.3.

72



3.6.3 Averaging Measured Residual Stresses

Induced residual stresses in treated samples are not uniformly distributed along
the thickness. In order to obtain the average value of residual stresses more
accurately, equation 3.4 is used in this research. Averaged residual stress is used
to the calculation of Kres. The variable of Kresis very sensitive to the residual stress
field.

This section introduces a mathematical method to average residual stresses in
depth. The Riemann Sum formula [187] provides a precise definition of the
definite integral as the limit of an infinite series. The Riemann Sum formula is as

follows:

f fOOdx = lim Zf(xi) (=) 3.4

The sum is calculated by dividing the area below the graph up into shapes
(rectangles, trapezoids, parabolas, or cubes), which together form a region that
is similar to the region being measured. The area is then calculating the area for
each of these shapes, and finally by adding all of these small areas together, the
whole area below the graph line is estimated. This approach can be used to find
a numerical approximation for a definite integral even if the fundamental theorem
of calculus does not make it easy to find a closed-form solution. Figure 3.19

shows the three methods of Riemann sum commonly used.

= -

!
£

.r’);.
Al
(@) Left (b) Right (c) Midpoint

Figure 3.19 Three methods of Riemann summation: Left Riemann sum (a), Right

Riemann sum (b), Midpoint rule (c)
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For the left Riemann sum, approximating the function by its value at the left
endpoint gives multiple rectangles with base Ax and height f(a + iAx). The left
Riemann sum amounts to an overestimation if f is monotonically decreasing on
this interval, and an underestimation if it is monotonically increasing. The
parameter fis approximated here by the value at the right endpoint. This gives
multiple rectangles with base Ax and height f(a + iAx). The right Riemann sum
amounts to an underestimation if fis monotonically decreasing, and an
overestimation if it is monotonically increasing. Approximating f at the midpoint of
intervals gives f(a + Ax/2) for the first interval, for the next one f(a + 34x/2), and

so on until f(b — Ax/2). Summing up the areas gives:

A=Axlf(a+A7x>+f<a+32ﬂ¢>+-~+f<b—A7x>J 3.5

In this study, the midpoint rule was used to estimate the residual stress data
measured by ICHD and ND.
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3.7 Tension-Tension Fatigue Tests

Tension-tension fatigue tests were conducted using servo-hydraulic machines
with maximum load capacities of 20 kN (shown in figure 3.20) and 50 kN. Each
test is detailed with the results in section 4. Fatigue crack growth tests were

performed on middle tension M(T) specimens of which dimensions were shown
in CS3.

Figure 3.20 Tension-tension fatigue test using 20kN servo-hydraulic machine and

the clamped M(T) sample

Tests were conducted in the tension-tension mode under constant amplitude
loading with an R ratio of 0.1. Maximum stress of 100 MPa at the section of the
specimen width was desired. The fatigue tests were conducted at room
temperature and 8Hz. The tests were run until sample fracture. Fatigue tests of
middle-tension (MT) samples were done to investigate fatigue crack growth rates
induced by varying load parameters and the position of the treated locations, as

summarised in table 4.5 (section 4.4).
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3.8 Measurement of Fatigue Crack Growth

Fatigue crack length was measured with the help of a travelling microscope, ata
magnification of 10x and the data was recorded against the number of cycles.
Distortion was generated after surface treatments. Crack lengths of four typical
samples were measured periodically on both sides with the help of the travelling
microscope, as shown in figure 3.21. In general, all the tests and data analysis

procedures were followed according to ASTM E647.

by scratched lines (minimum
interval 1 mm)

| |
==
.l
|
W

ClampiT grip Fatigue length measurements

Tra‘ elling
microscope
;

Fatigue rak
in microscope

Figure 3.21 Fatigue crack length measured by travelling microscope and
minimum interval 1 mm (accuracy 1 mm)

3.9 Measurement of Striation Spacings

After completion of tension-tension fatigue tests, the distance between fatigue
striation marks on the fracture faces were also measured using a Phillips XL30
SFEG scanning electron microscope (SEM). The fractured samples were first cut

to enable them to fit within the SEM chamber.

Dependent on the initial location of fracture faces, the spacings of striations were

measured in bands of five to eight along the direction of crack propagation. In
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addition bands of three at each position along the thickness were measured. The
relationship between fatigue striation marks and load cycles is an ongoing
debate. However, measurements made in this work mainly inspect whether there
are any differences in fatigue crack growth rate (FCGR) along the thickness
direction, as caused by the influences of mechanical surface treatments.
Measurements of striation spacing were taken on both deep rolled samples and
baselines to allow comparison of the effect on FCGR of the various loading

treatments. The results of this study are given in section 4.5.

This method was used to estimate FCGR because conventional methods were
not practical. It was not possible to use direct observation and measurement of
crack length, in order to obtain the internal crack growth behaviour. Distributions
of residual stresses were not uniform along the thickness, if the material surface
was treated by DSR or peening. Influences from these non-uniform residual

stresses, were found to accelerate or reduce the FCGR on the same plane.

Figure 3.22 showed the typical area in the fracture surface of one of the
aluminium specimens. The fractograph pf crack propagation area was shown in
figure 3.22(a). The final fracture area consisted primarily of equiaxial dimples, as

shown in figure 3.22(b).

Figure 3.22 SEM micrograph of fatigue fracture surface of AA2024-T351 deep

rolled. (a) Crack propagation area; and (b) final fracture area
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4 Experimental Results

Material properties and experimental methods are detailed in chapter 3. Results
of tensile tests showed that there are few differences between AA2024-T351 and
AA2524-T351 with regard to mechanical properties. Due to a shortage of
AA2524-T351 supply, distortion and residual stress were measured using
AA2024-T351 sheets. Fatigue tests however were performed using both
aluminium alloy sheets. In this chapter, experimental results are presented,
including the results of distortion and hardness testing on samples treated by
DSRand HP. Then, the results of measured residual stress induced by ICHD and
ND are presented in section 4.3. All samples including baseline and surface
treated specimens are listed in section 4.4, where the specific treatments and
fatigue testing conditions are detailed. Experimental data obtained on the critical
fatigue length and life improvement factor of each treated sample were calculated
statistically. In section 4.5, fatigue databases of baseline samples have been
generated using the results of the crack growth curve (crack length as a function
of the number of fatigue cycles). For untreated samples, fatigue crack growth
rates (FCGR) as a linear function (log-log) of the stress intensity factors (SIF) are
presented in section 4.5. For treated samples, the calculated SIFs are influenced
by crack closure. More specific analyses are illustrated in chapter 6. In section
4.6, fatigue crack trajectories of baselines and treated samples are reported.

Finally, a summary of the experimental results is briefly presented in section 4.7.

4.1 Distortion Presentations

Case study 1 (CS1) mainly investigates the distortion behaviour induced by
different loads applied to one side of the aluminium alloy sheets and both sides

of sheets of the same material.

Stress-free samples were clamped during the DSR process and allowed to distort

after unclamping. It was observed that the DSR treatment deforms the untreated
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sheet upwards, towards the rolling surface. Whilst in experiments that involved
two-side rolling methods, distortion was observed as the sheet bending upwards
(towards the second rolled surface) or downwards (towards the first rolled
surface). Distortion of each sample was measured by scanning the surface so

that it was bending downwards, as this was more stable and reproducible for
measurement.

In CS1, the effect of the maximum distortion (details in section 3.4) by applied

rolling loads is demonstrated in figure 4.1.

rolled loads vs. maximum distortion
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Figure 4.1 Effects on maximum distortion by applied rolling loads, results of a
one-side rolling method marked in blue, ones of the two-side rolling method
marked in red. Rolled samples are the AA2024-T351 sheets of CS1

In figure 4.1, the maximum distortion significantly increased with higher rolled
loads. Whereas the two-side roling method didn't significantly reduce the
maximum distortion if rolled loads were the same on both surfaces. However, it
is interesting to look at the result of the 60/30kN rolled sample (one surface of the
sample was first rolled by the 60kN load, the opposite surface was then rolled by

the 30kN load). It is observed that maximum distortion can be largely reduced if
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the rolled load on the second surface is reduced by half. The applied load of
60/30kN demonstrated that this specific load application substantially lessened
the maximum distortion, when compared with a single rolling load performed on
one side of a specimen or the same loads applied to both sides. The results above

provide notable findings to this field of research.

To further evaluate the mechanical effects of rolling loads, further results on
induced residual stresses were measured using ICHD techniques. Deep surface
rolling was performed on three separate samples; i) 60kN load was applied on
one side, ii) 60kN load was applied on both sides, and iii) 60/30kN load was
applied on both sides, respectively. Methodologies of the RS measurements are
outlined in section 3.6.1. The specific measurements for CS1 and CS2 are

guantified in section 4.3.1.

CS1 is initially designed to investigate the effects of applied rolling loads on
distortion and magnitude of the resultant induced residual stress. Samples of CS3

were used for fatigue tests and the full scale of this residual stress study.

Distortion measurements on CS3 used the methods recorded in section 3.4. The
results are demonstrated in table 4.1, where loads have been applied to both
surfaces of CS3 samples, and one sample has hammer peening applied to both
sides. ‘Strip dimension’ is defined by the rolling distance and the roller width. All
deep rolled areas were rectangular; 100x20 mm (2000 mm?2). The hammer

peened area was square; 20x20 mm (400 mm?).
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Table 4-1 CS3: Maximum distortion by DSR and one HP (AA2024-T351)

Rolled loads 20/10kN 30/18kN 60/15kN HP
Max. distortion/mm 1.3 1.5-3 6~8 <1

Strip dimensions/mm?  100x20 100x20 100x20  20x20

The maximum distortion of all measured samples was found inthe CS3 samples,
in those rolled with an applied load of 60/15kN. The lowest distortion of all DSR
treated samples was found in those CS3 samples rolled with an applied load of
20/10kN. As the smallest treated square was generated by hammer peening, the

lowest distortion of hammer peened samples was measured, to be below 1 mm.

4.2 Effects of Rolling and Hammer Peening on Microhardness

This section was motivated by an interest in the effects of strain hardening. DSR
is commonly considered as a process resulting in low strain hardening [12].
However, hammer peening is categorised as a procedure causing high strain
hardening treatment [110]. As far as the author is aware, no other relationship of

this kind, between hardness and residual stress has been studied.

Two-directional microhardness (Vickers) was measured along the longitudinal
direction and the width direction of specimens, as shown in figure 3.13 (chapter
3). All hardness was measured in the cross-section of the thickness and results
of DSR and HP treated samples are shown in figure 4.2 and figure 4.3,
separately. The measured hardness of the X-Z cross-section (perpendicular to
the rolling direction, width direction) are shown in figure 4.2, and measured
hardness of the Y-Z cross-section (parallel to rolling direction, longitudinal

direction) are given infigure 4.3.
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Figure 4.2 Effects of induced DSR 30/18kN and HP on microhardness of X-Z
cross-section (perpendicular to rolling direction) in comparison to the baseline
(BL) AA2524-T351 (see figure 3.13 of chapter 3 for measurement details)

Microhardness data showed that the hardness measurements taken at the centre
of the thickness were of much lower value than the hardness measured near the
surface. DSR can slightly increase the hardness in both rolling direction and
perpendicular to the rolling direction. Compared with DSR specimens, the
hardness values extracted from the hammer peened samples largely increased
through the entire thickness, especially near the surface. Compared with
measurements on untreated samples, the maximum hardness of deep rolled
samples measured 141 HV near the surface, with up to 5 HV of increment.
However, the maximum hardness of hammer peened samples can reach to 162
HV near the surface, with up to 26 HV of increment. More notably, there was an
increase in the hardness measured in the centre of hammer peened samples,

with up to 14 HV of increment.
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Figure 4.3 Effects of induced DSR 30/18kN and HP on microhardness of y-z
cross-section (parallel to rolling direction) by comparing baseline AA2524-T351

(see figure 3.13 of chapter 3 for measurement details)

Compared with untreated samples, it was seen that the maximum hardness of
deep rolled samples was 141 HV near the surface, with up to 5 HV of increment.
However, the maximum hardness of hammer peened samples can reach to 152
HV near the surface, with up to 16 HV of increment. Unlike the results of figure
4.2, there was a slight increase in the hardness measured at the centre of

hammer peened samples, with up to 8 HV of increment.

Therefore, it is proven that DSR treatment can slightly increase the hardness,
when used as a low strain hardening method. As a novel treatment, HP can
largely increase the hardness when used as a high strain hardening treatment.
In most treated samples, the increment of hardness measured in near-surface
locations, is greater than the increment of hardness measured at the centre of

the thickness.

Matrix measurements of hardness were taken on the X-Z cross-section
(perpendicular to the rolling direction, width direction) of CS3 samples. Results

are given in figure 4.4.
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60/15kN microhardness matrix along both depth and width
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Figure 4.4 Hardness matrix bands of three measurements along thickness and
bands of ten measurements along the width, CS3 of AA2524-T351

The specimen was first deep rolled using a load of 60kN on one surface, then a
load of 15kN was applied to the opposite surface. The X-axis of the graph
represents the full width of the deep rolled sample. The Y-axis of the graph
represents the measured hardness at different depths of thickness according to
increments along the width. There were ten positions marked along the width.
Three measurements were taken at each position: i) at 0.6 mm depth from the
top surface, ii) at the centre of the thickness, and iii) at 1.0 mm depth from the top

surface.

Hardness measured in the deep rolled area increased and was greater than in
the unrolled area. Similar to the results presented in figure 4.2, hardness
measured in the near-surface locations were all greater than the ones measured
at the centre of the thickness. The maximum hardness value extracted from the
deep rolled area was measured at close to 140 HV, with up to 5 HV of increment,

compared with hardness measured in the unrolled area.
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4.3 Effects of DSR and HP on Residual Stresses

The distribution of residual stresses plays an important role in influencing the
crack propagation behaviour. By understanding the distribution of residual
stresses induced by mechanical surface treatments, optimised parameters can
be determined step by step, with an aim to provide a variety of treatment options.
CS1 and CS2 mainly investigated the distribution of residual stresses along the
depth of a cut sample, using by the ICHD technique. In addition, experimental
results of samples treated by HP were also summarised and are compared in
section 4.3.2. Specimens of CS3 were exposed to modify load parameters and
induced residual stresses were measured along both depth and width using ICHD

and Neutron Diffraction, presented in section 4.3.1 & section 4.3.3.

4.3.1 Effects on Residual Stresses Induced by DSR

Distortion results recorded in CS1 are summarised in section 4.1. Residual
stresses induced by DSR were measured along the sample thickness and are
detailed below. Three samples deep rolled using three different loading
parameters, were residual stress measured and the in-depth distributions are
shown in figure 4.5. Notable results are presented in table 4.2. Residual stress
o1 (parallel to the rolling direction) distribution was determined on CS1 samples
rolled with a load of 60kN on a single surface, a load of 60kN on both surfaces,
and two loads of 60kN and 30kN separately on both surfaces. Experimental
results are shown in figure 4.5a. Residual stress o3 (perpendicular to the rolling
direction) distribution was determined by using CS1 samples deep rolled by load
parameters of 60kN on one side, 60kN on two sides and 60/30kN on two sides

are shown in figure 4.5b.

85



200

(=)

-200

dual stress/MPa

-400

resi

-600

400

200

-200

residual stress/MPa
o

-400

- g § ey

CS1: o, (longitudinal) residual stresses by DSR

L P
1 1 1 1 1 1 1 1 1 1 0 Olg A|
@ gUU==a4a
) 200 400 600 800 1000 120 14OOAA1600
AAA
| BaAAA RRRR o5 O depth/pum
Od
' oo ooo

O 60kN-S O 60kN-D A 60/30kN

@)

CS1: 0, (transverse) residual stresses by DSR

& i A

A
I 1 I 1 I 1 L |A|é| % A|A‘A/\|/\A| )
& O

200 400 800 O 80 1000 1200 1400 1600
a

()
0Q X . depth/um

[ 60kN-S © 60kN-D A 60/30kN

(b)

Figure 4.5 Residual stress distributions of deep rolled samples measured along

the entire thickness, longitudinal distribution shown in (a); transverse

distribution is shown in (b), all DSR treatment was applied on AA2024-T351

specimens of CS1

Results of CS1 sample deep rolled with a load of 60kN on a single surface

showed that the highest compressive residual stresses distributed over half of the
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thickness (from the initial measured surface to 800 microns of thickness).
However, more tensile residual stresses were distributed along the other half of
the thickness. The maximum compressive residual stress (CRS) was induced by
DSR with a 60kN load applied to one side in both longitudinal and transverse
directions. DSR of 60kN load on both sides caused a redistribution of residual
stresses, eventually resulting in a drop in the value of the maximum of
compressive residual stress over the first half of the thickness. Furthermore, the
maximum value of tensile residual stress (TRS) increased in the other half of the
thickness. However, if the rolling load of the other surface was reduced to half
(DSR of 60/30kN load on both sides), more positive effects were observed.
Firstly, although the maximum CRS resulting from rolling loads of 60/30kN was
reduced in comparison with maximum CRS rolled by 60kN, either one-side rolled
sample or two-side rolled sample, but the compressive range was much larger in
depth. Another important finding was that the decrease of TRS in both
longitudinal and transverse directions, significantly resulted in lowering the

distortion, to balance the maximum CRS.

Table 4-2 Notable results from measured residual stresses

Load parameters 60kN-S 60kN-D 60/30kN-D
o1-Peak CRS/MPa 406 251 281
o1-Peak TRS/MPa 78 129 40
o3-Peak CRS/MPa 340 219 290
o3-Peak TRS/MPa 190 227 89
Averaged 01-RS/MPa -212.7 -122.7 -200.0
Averaged 03-RS/MPa -68.2 -14.3 -61.2
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The peak value of CRS is -406 MPa (parallel to rolling direction) and -340 MPa
(perpendicular to rolling direction) measured in the one-side rolled sample loaded
at 60kN. The minimum value of TRS was +40 MPa (parallel to rolling direction)
and +89 MPa (perpendicular to rolling direction) measured in the two-side rolled
sample loaded at 60/30kN. More importantly, the averaged residual stresses of
two-side rolling at 60/30kN loads, were slightly reduced when compared to those

with one-side rolled at a 60kN load.

In CS1, the advantage of using 60/30kN loads was evidenced in the reduction of
the maximum distortion and the averaged residual stresses tended to be
compressive. CS2 further investigated the influence of load parameters on the
residual stress field, where two rolled-strips were generated on one side, and
another two strips were rolled on the other side using reduced loads. Three load
parameters were verified, and residual stress profiles are demonstrated in figure
4.6. Due to the increase of rolled strips, the distribution of residual stresses
tended to be more complex in comparison to CS1. Different to CS1, infigure 4.6a,

residual stresses were not highly compressive at the very start of measurements.

Moreover, residual stresses were also not highly tensile at the very end of
measurements. Induced longitudinal residual stresses of all samples presented
mostly a compressive distribution. In comparison, over the three load parameters,
two-side rolling 60/15kN demonstrated the advantages whether inthe distribution
range of compressive residual stresses or peak magnitude of compressive

residual stresses. This is shown in figure 4.6a.
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Figure 4.6 Residual stress distribution of deep rolled samples measured along
the entire thickness, longitudinal distribution shown in (a); transverse
distribution is shown in (b), all DSR treatment was applied on AA2024-T351

specimens of CS2
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When comparing load parameters of 30/15kN and 30/30kN, the lower maximum
CRS value was extracted from the rolled sample of loads 30/30kN. In addition,
more tensile residual stresses (along transverse direction) were determined from
the sample treated by 30/30kN loading. DSR samples at loading 30/15kN
provided relatively smaller compression along the rolling direction and higher
tension than in DSR samples of loads 60/15kN. As a result, DSR loads of
30/15kN applied on two sides can provide a better solution if compromising on
the distortion. DSR loads of 60/15kN applied on two sides may give the best
stress state for fatigue resistance.

4.3.2 Effects on Residual Stresses Induced by HP

Apart from deep surface rolling treatments, another novel treatment of hammer
peening was also applied in this research. Two different parameters of the
hammer peening treatment (low density and high density as presented in table
4.3) were applied, and residual stresses of HP-treated CS2 samples were

measured by ICHD, as shown in figure 4.7.

Table 4-3 Parameters of hammer peening applied on CS2 samples

Ball diameter (D) Frequency (f) Travel speed (TS) Interval step (S)
Low density of HP 8 mm 220 Hz 100 mm/s 0.4 mm

High density of HP 8 mm 220 Hz 50 mm/s 0.2 mm

As an alternative treatment in this research, this prototype has not been used to
treat aluminium alloys. In this stage, only two peening parameters were applied,
and limited results are presented. Residual stresses were measured by the same
method as presented in the previous section. These two peening parameters

were used to treat those CS3 samples employed for fatigue tests as well.
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Figure 4.7 Residual stress distribution of hammer peened samples measured
along the entire thickness, longitudinal distribution shown in (a); transverse

distribution shown in (b)

Comparing residual stress profiles induced by DSR, the results of hammer

peened samples have a more symmetric distribution along the centreline of
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thickness. The maximum compressive residual stresses were located 150-
microns depth from the surface. Residual stress values decreased to nearly O
MPa in the middle of the thickness. Both surfaces of the samples were hammer
peened, and measurements taken from the opposite surface showed the same
tendency. The biggest differences between hammer peened, and DSR samples
were observed in the induced RS distribution of o3 (transverse). In DSR samples,
the o3 field demonstrated that compressive residual stress and tensile residual
stress were mostly equally distributed along the thickness. Compressive residual
stresses were induced in the first half of the cross-sectioned thickness, whereas
tensile residual stresses were generated in the rest of the thickness. However,
residual stresses induced in peened samples demonstrated that there was a clear
tensile RS field very close to the sample surfaces (up to 100 microns). This
phenomenon can be clearly identified on one surface. The rest of the region was
full of compressive residual stresses. The average magnitude of compressive RS

value was around 200MPa, as similar as o1 (figure 4.7b).

4.3.3 Neutron Diffraction (ND)

The method of residual stress measurements evaluated by using neutron
diffraction is schematically shown in figure 4.8. The measured section is marked
in red along the width direction. The three-dimensional residual strain was
measured, €hoop, €axial, €radial. Strain components were determined from the full
range of neutron diffraction data. For plane stress conditions, a triaxial situation
of stress and strain can be calculated using a simplified method (presented in
section 3.6.2). As a result, onoop (01 along Y-axis, parallel to the rolling direction)
and oaxial (03 along X-axis, perpendicular to the rolling direction) were calculated

in order to demonstrate the residual stress distributions.
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Figure 4.8 Schematic illustration of residual stress measurements by Neutron
Diffraction, non-centre-slit sample of CS3

Measurements of induced residual stress by DSR were taken from the middle
cross-section (marked by a red rectangular shape). The rolled patches are

marked in dark grey and are symmetrically positioned across the width centreline.

Two different load parameters were applied to un-slited specimens (geometry of
CS3), which were 60/15kN and 20/10kN. Then, residual stress profiles of deep
rolled samples were calculated by the use of modified functions (simplified by

plane stress conditions).

Surface diagrams are shown infigure 4.9 and 4.10 using three-dimensional data
(position in thickness, location in width, residual stress). Figure 4.9 presents the
surface diagram of the deep rolled sample using loads 60/15kN. Figure 4.9a gives
a three-dimensional surface depicting residual stress distributions parallel to the
rolling direction. Figure 4.9b gives a three-dimensional surface depending on
residual stress distributions perpendicular to the rolling direction. The same
surface diagram is given in figure 4.10, which describes the effects on residual

stress fields of using a lower load parameter 20/10kN.
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Figure 4.9 A three-dimensional surface plot of DSR of the load parameter
60/15kN AA2524-T351 sheets. a. Residual stress o distribution of mid cross-

section. b. Residual stress o3 distribution of mid cross-section

Along the width of the cross-section (y-axis), the deep rolled area was occupied
by high compressive residual stresses uniformly distributed along the thickness.

Tensile residual stresses were distributed outside of the rolled area. The
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maximum value of compressive residual stress could be over 200 MPa. The
largest value of tensile residual stress was around 100 MPa found at the centre
of the cross-section and outside of the rolled patches 40 mm away from the

centre.

The residual stress field of o3 (transverse direction) in figure 4.9b shows a
significant difference to the o1 distribution (longitudinal direction). The deep rolled
area showed that the existence of compressive residual stresses there, was not
uniformly distributed along the thickness. Residual stress presented as being
more compressive nearer one side than the other side. High tensile residual
stress was found at around the 20 mm mark of the width. The maximum value of
compressive residual stress was around 80 MPa, whilst the maximum value of
tensile residual stress was about 60 MPa. Compared to the o1 field shown in
figure 4.9a, the residual stress field of 0z demonstrated that compressive residual

stress and tensile residual stress were at slightly below or above 0 MPa.

Figure 4.10 demonstrates the residual stress fields of o1 and o3 induced by DSR
of a load parameter 20/10kN. In figure 4.10a, along with the width of the cross-
section (y-axis), similar results were summarised. High compressive residual
stress was generated within the rolled area. High tensile residual stress was
found near the centre and 10 mm away from the rolled area. The maximum value
of compressive residual stress was over 150 MPa. The highest tensile residual

stress was only up to 50 MPa.

The residual stress field of o3 (transverse direction) in figure 4.10b again shows
a significant difference to the o1 distribution (longitudinal direction). The largest
area that presented compressive stress was on one side of the width, and the
maximum value of compressive stress was around 60 MPa. On the other side of
the width, a tensile residual stress field was revealed, and the maximum tensile

residual stress measured was up to 40 MPa.

In figure 4.10a, there indicates a higher compressive residual stress field

generated at around 80 mm. The residual stress field of 03 demonstrated similar
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behaviour at 80 mm across the width, where higher compressive residual stress

was induced.
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Figure 4.10 A three-dimensional surface plot of DSR of the load parameter
20/10kN AA2524-T351 sheets. a. Residual stress o; distribution of mid cross-
section. b. Residual stress o3 distribution of mid cross-section
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4.4 Tension-Tension Fatigue Tests

The tension-tension fatigue test procedures were described in section 3.7.
Treated parameters and descriptions are detailed in table 4.4 with the results
shown in table 4.5. CS3 showed the geometry of testing samples and an 8 mm
centre-slit was inserted in the middle of the sample using EDM (electrical
discharge machining). Baselines without any treatments were tested three times.

A summary of fatigue lives and critical fatigue crack lengths of all tested samples
are presented in table 4.5.
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Table 4-4 Description of tension-tension fatigue tests

Treated parameters

Test Description

TO1:

T02:

TO3:

TO4:

TO5:

TO6:

TO7:

TO8:

TO9:

T10:

T11:

T12:

T13:

T14:

T15:

T16:

T17:

T18:

Baseline

Baseline

DSR (20/10kN)

DSR (30/18kN)

DSR (30/18kN)

DSR (30/18kN)

DSR (30/18kN)

DSR (30/18kN)

DSR (60/15kN)

DSR (30/18kN)

DSR (30/18kN)

DSR (60/15k N)

DSR (60/15k N)

DSR (60/15k N)

DSR (60/15k N)

DSR (60/15k N)

HP (lower)

HP (higher)

2024-T351, LILT

2524-T351, LILT

2024-T351, 10 mm to slit centre (LT); 200 mm x 20 mm (rolled strip)

2024-T351, 10 mm to slit centre (L); 200 mm x 20 mm (rolled strip)

2024-T351, 10 mm to slit centre (LT); 200 mm x 20 mm (rolled strip)

2024-T351, 10mm to slit centre (45°) (LT); 100 mm x 20 mm (rolled strip)

2024-T351, 10mm to slit centre (45°) (LT); 200 mm x 20 mm (rolled strip)

2024-T351, 10 mm to slit centre, half rolled w idth (LT);
70 mm x 10 mm (rolled strip)

2024-T351, 10 mm to slit centre (LT); 200 mm x 20 mm (rolled strip)

2524-T351, 10 mm to slit centre; 100 mm x 20 mm (rolled strip)

2524-T351, covered the slit; 100 mm x 20 mm (rolled strip)

2524-T351, 10 mm to slit centre; 200 mm x 20 mm (rolled strip)

2524-T351, 10 mm to slit centre; 50 mm x 20 mm (rolled strip)

2524-T351, 20 mm to slit centre; 100 mm x 20 mm (rolled strip)

2524-T351, 25 mm to slit centre; 100 mm x 20 mm (rolled strip)

2524-T351, 20 mm to slit centre, R=-0.1; 100 mm x 20 mm (rolled strip)

2524-T351, 10 mm to slit centre; 20 mm x 20 mm (peened patch)

2524-T351, 10 mm to slit centre; 20 mm x 20 mm (peened patch)

Y 4
[
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Table 4-5 Tension-tension fatigue test results

Test _ Critical fatigue crack % Change in  Life improvement
Fatigue cycles
No. length/mm CFCL factor (LIF)
47,492; 53,110; 50,368 (L)
TO1 39~41 n/a n/a
48,916; 47,652 (LT)
61,556; 63,786; 63,770 (L)
T02 40~42 n/a n/a
54,820; 56,996 (LT)
TO3 63,410 40 n/a 1.3
TO4 123,232; 303,520 ~28 -30 2.4;6.0
TO5 97,696; 315,856 ~28 -30 2.0; 6.5
TO6 72,640 35 -12.5 15
TO7 66,464 32 -20 1.4
TO8 436,800 16 -60 9.0
TO9 416,128; 947,904 22 -45 8.6; 20.0
T10 123,572; 129,509 38 5 2.0
T11 >1,409,502 (runout) n/a n/a >24 runout
T12 429,274; 507,449 38 5 6.8; 8.0
T13 231,520; 281,216 22 45 3.7; 4.5
T14 42,574; 44,568 40 No change 0.7
T15 34,362; 34,514 40 No change 0.55
T16 74,720; 74,824 40 No change 1.2
T17 91,010; 108,964 35 -12.5 1.4;1.7
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4.5 Results of Fatigue Tests

In this section, fatigue growths of cracks on baseline untreated samples are
demonstrated in figure 4.11 graph exhibiting the crack length against the number

of cycles.
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Figure 4.11 Measured crack length against the number of cycles of baselines
(AA2024-T351 L/LT and AA2524-T351 L/LT)

Fatigue results of untreated samples AA2024-T351 and AA2524-T351 are shown
in figure 4.11, which show the original fatigue crack data measured by an optical
microscope against the number of cycles. Fatigue crack growth rates of untreated
samples were calculated using the secant method detailed in ASTM E647 [188].
Stress-intensity factor ranges (AK) of untreated samples were further calculated
by the geometry factor method shown in ASTM E647 [188]. The FCGRs of
untreated samples against AK are presented in figure 4.12.
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FCGR vs. AK of AA2524-BL & AA2024-BL
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Figure 4.12 Fatigue crack growth rates of baselines (AA2524-T351 of L/LT &
AA2024-T351 of L/LT) against AK [188]

Results in figure 4.12 show that there is no significant difference between
untreated samples of AA2024 and AA2524 on FCGR. Power law was applied to
the results of FCGR against SIF, which was used to determine the material
constants of Paris law (equation 2.4). The material constants for the 2024-T351
plate and sheet from NASMAT material database [189] were used where C =4.8
x10-11, m = 3.2. Compared to NASMAT, obtained constants of AA2024-T351 in
figure 4.12 are valid and able to be used for further mathematic models in chapter
6. Baptista [190] reported the Paris constants of AA2524-T351 (LT) by using the
crack closure theory, resulting in C = 9.16x101% n = 2.33. The linear fitting
coefficient of correlation R? was 0.959. The Paris constants of AA2524-T351 (LT)
in figure 4.12 by using the crack closure theory were calculated, C = 9.0x10-19, n

= 2.72, and the linear fitting coefficient of correlation R? = 0.9847.
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Fatigue tests of deep rolled samples by 30/18kN and 60/15kN were conducted,

and raw results are shown in figure 4.13a, the crack length of the half-width

measured by optical microscope against the number of cycles. Figure 4.13b

plotted the calculated FCGRs against the crack length of the half-width.
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Figure 4.13 (A) Measured crack length against the number of cycles of deep
rolled samples by 30/18kN and 60/15kN, (B) FCGRs of DSR samples in

comparison to untreated samples, deep rolled areashaded in blue

FCGRs of deep rolled samples were lower than untreated samples. Moreover,

treated samples using 60/15kN loads showed that the lowest value of FCGR

found at 25mm away to the centreline of the sample, as well as 30/18kN shown.
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Fatigue tests of deep rolled samples by 30/18kN and 60/15kN were conducted,
and raw results are shown in figure 4.13a, the crack length of the half-width
measured by optical microscope against the number of cycles. Figure 4.13b
plotted the calculated FCGRs against the crack length of the half-width.
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Figure 4.14 (A) Measured crack length against the number of cycles of deep
rolled samples using the same loads 60/15kN, different rolled locations (10mm,
20mm, 25mm away from the centreline), (B) FCGRs of DSR samples in
comparison to untreated samples, dashed squares in red, green and yellow
present different rolled strips

In figure 4.14b, FCGRs of deep rolled samples increased as the deeprolled areas

were moving away from the centreline.
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FCGR results of other DSR samples and HP samples are given in Appendix A.

4.6 Fatigue Crack Trajectories Reports

Besides the results above, fatigue crack trajectories are reported in this section.
To account for the effects of loads changing, angles changing between rolling
direction and width direction (centre-slit), and roller position changing the

behaviours of crack propagation trajectories are captured in figure 4.15.
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Figure 4.15 The demonstration of fatigue crack trajectories include BL, DSR-
treated and Hammer peened samples

Results of figure 4.15 demonstrated that different DSR influenced the crack
paths. Fatigue cracks of untreated samples propagated straightly from the start
of the slit-end. Crack paths of other treated samples were slightly or largely
influenced.
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Crack paths of two deep rolled samples, AA2024-DSR (30/18kN) parallel strips
and AA2024-DSR (30/18kN) vertical strips, showed the opposite propagation

behaviours.

Because of the limited samples, statistical analysis on crack trajectories and their
relationship with induced residual stress fields are not addressed in this research.

Other discussions of crack paths are given in chapter 7.

The fatigue crack growth was measured and read from scratch lines under the
travelling-microscope. The striations ofthe fracture surface were further observed
by SEM. The fatigue crack growth rate was calculated by both methods and

compared in figure 4.16.
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Figure 4.16 Striations measured by SEM, six measured positions (5mm, 9mm,
13mm, 17mm and 55mm) along the width (crack growth direction)
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During fatigue tests, fatigue cracks were observed along the surface rolled by the
30kN load, and measured by the traveling microscope. In figure 4.16,
measurements of striation spacing were taken close to the surface rolled by the
30kN load as well. The fatigue crack growth rates calculated by both methods

show a good agreement in general.
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5 Finite Element Simulation of Deep Surface Rolling
Process

Finite element analysis (FEA), in this research, enables the prediction of the
residual stress fields and the distortion under specific rolling loads. The deep
roling process, conforming to the experimental operation, was modelled in
Abaqus. Section 5.1 introduces a description of, and the development of,
modelling deep rolling of a material surface. Definitions of material properties and
common characteristics are determined in section 5.2. DSR procedures and
boundary conditions are illustrated step by step in section 5.3. Results of DSR
FE models are summarised in section 5.4. Finally, a general conclusion is given

in section 5.5.

5.1 Introduction of FE-DSR Model

There have been numerous studies of DSR and other similar processes in the
literature, and these studies can be broadly classified into experimental,
analytical, and numerical studies. Previous studies have tended to use surface
roughness, surface hardness, or residual stress as response parameters. These

investigations examined the global effect of the process instead of its mechanics.

The only hard contact interaction in the process is between the hydrostatically
suspended ball and the component surface, leading to three-dimensional
Hertzian stress patterns around the contact [149]. This concept was applied in
early FE modelling (FEM) of the DCR process where it was demonstrated that
the relationship between the force applied on the tool and the penetration depth
was more dependent on the tool geometry rather than on material properties
[149]. This finding was achieved by focusing on the contact mechanics between

the ball and the workpiece.

Earlier models focused more on the use of two-dimensional modelling, due to its

reduced cost and its ability to capture the effects of the key parameters of the
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DSR process. These two-dimensional models however, were unable to
accurately predict residual stresses in the axial (perpendicular to rolling) direction
and the near-surface regions [118]. Another tested method utilised microscale FE
models, which through the use of mathematical algorithms and assumptions,

were able to map macroscale FE models [118].

With advancing technology and computational power becoming increasingly
accessible, there are new studies looking into the mechanics of the DSR process
through implementing experiments and three-dimensional FEM. It was observed
that the formation and flow of a material ridge around the burnishing element,
caused deformation on the component surface along a single burnished track
[191]. It was reported that the FE model of DSR showed good correlation to the
experimental residual stress data. As a result, FE analysis is capable of capturing
the effect of the DSR process [118,149,176].

Previous studies have mainly focused on the mechanics of the DSR process.
Due to the insufficient study of residual stress distributions, there was a need to
investigate an FE model that would simulate this process and map the residual
stress distributions in either microscale or macroscale. Understanding the
residual stress distribution is especially important in the case of components in
service, whilst the balancing of tensile residual stresses plays a critical role in

leading the components to fail prematurely.

5.2 Methodology

The models here are based on the experimental process as referred to by Coules
et al. [118]. The deep surface roling models were built with Abaqus Standard
version 6.14. The models consist of four main successive steps, loading, rolling,
roller lift-up and unclamping. Samples were continuously clamped during the first

three steps.
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There were three types of models. In the first, the rolling simulation model of CS1
was built, and then the results of distortion and residual stress were compared to
experimental measurements. The effects of distortion and residual stress profiles
were simulated by the second model, of the un-slited samples of CS3. The third
model investigated the distortion and three-dimensional residual stress

distribution of centre-slit samples of CS3.

Figure 5.1a describes the setup of the CS1 DSR model including sample

geometry and roller dimensions.

Roller position
/ 7 *  25mm

Initial roller position.

Roller position

25 mm
L
é"o 24 mi
E Frictional contact
Final roller position § p=0.1
Lower surface
\ Upper surface
. R2
S~ r /
“End Plane ‘
y
'\ Frictional contact
p=01
a. b.

Figure 5.1 a. The schematic representation of CS1rolling. b. Roller dimensions

and position when rolling the upper surface

The roller was modelled as a rigid body, so it did not undergo any deformation.
Only one roller was used in all the analyses. The dimensions are shown in figure
5.1b. In CS3, the diameter of the roller was 200 mm, and the width of contact was

20 mm. The rolling speed was 400 mm-min1, and no torque was applied on the
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roller to drive it. Instead, a uniform translation was imposed on the roller axis, and

the roller rotation only occurred when there was friction interaction with the sheet.

5.2.1 Material Characteristics

AA2024-T351 is used in the non-linear kinematic hardening simulation. Tension
tests of 2024-T351 aluminium alloy specimens were reported in section 3.1.
Through the developed method reported in [192], the initial kinematic hardening
modulus C and the coefficient y were accounted for, in order to define the non-

linear kinematic hardening of 2024-T351 aluminium alloys.

Mechanical properties of 2024-T351 aluminium alloys were given In table 5.1
[180,192].

Table 5-1 Mechanical properties of AA2024-T351 presented in thisresearch

Density, Young’s Poisson's Olotrue, C, MPa Y
kg/m3 Modulus, GPa ratio MPa
2780 73 0.33 369.47 244766 10

Isotropic hardening was used and compared with the kinematic hardening. The
equivalent plastic strain and stress were obtained from the tensile tests of
AA2024-T351, as reported in section 3.1.

5.2.2 Common Characteristics

Hexahedral elements were used principally for the rolling models. The aluminium
alloy sheets were represented by the eight-node linear brick element, hybrid
formulated with reduced integration points. The number of elements, nodes and
Abaqus element types, are reported in table 5.2. The element size LXWXT (mm)
of low density mesh was 2x1x0.16 (mm). The element size LxWxT (mm) of high

density mesh was 1x1x0.1 (mm).
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Table 5-2 Element and node distribution

Model Type Hex elements Nodes Element Type
Cs1 50000 56661 Hex.Linear (C3D8R)
CS3 without slit 72000 81191 Hex.Linear (C3D8R)
CS3 with centre-slit 404920 451836 Hex.Linear (C3D8R)

A typical mesh used is shown in figure 5.2. It shows the variation of the mesh
density across the longitudinal direction. In general, the denser mesh was

implemented near the centre width, and on areas where rolling was applied.

e
e
N 3 Rolling direction

Figure 5.2 Example of different mesh density through the sheet of CS1 (element
types: C3D8R)

The high-density mesh was used to capture the characteristic stress
concentration of this region.
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5.3 Descriptions of DSR Models

In this section, stages of the DSR processes, along with boundary conditions, are
detailed. In section 5.3.1, DSR processes performed on one side are described.
Boundary conditions and interaction properties follow in section 5.3.2. The
strategy of two-sided DSR is illustrated in section 5.3.3. The final section explains

the models of CS3 accounting for the effects of the centre-slit.

5.3.1 Steps of One-Side DSR Processes

DSR processes were assumed to be quasi-static, and hence, an implicit
Newtonian solver was used (ABAQUS/STANDARD). The large rotations and
displacements are enabled by allowing the software to account for geometric
nonlinearity, which takes higher order terms into account when determining

strains and stresses [118].

The first step, loading (indentation), represents the roller gaining the first contact
and reaching a steady state until fully loaded, as shown in figure 5.3a. In this step,
the concentrated force through the centre ref-point of the roller tool is ramped up
to the constant value. This force causes a contact interaction between the flat
roller and the upper surface of the aluminium alloy sheet. The depth of indentation
is eventually reached when the roller and the plastically deformed workpiece

reach the equilibrium state.

This is followed by a series of simulation steps, consisting of the rolling process
step shown in figure 5.3b, whereby the roller is rotated when there is friction
interaction between the roller and the upper surface of workpieces, the lift-up
roller step in figure 5.3c, where the roller moves up, followed by the final
unclamping step in figure 5.3d. It is noticed that the clamping system is applied

to the first three steps.

The steps are illustrated in figure 5.3, where Ul, U2 and U3 represent the

displacement in the x, y, and z directions and UR1, UR2, and URS3 represent the
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rotations about the x, y, and z-axes. The X, y, and z directions correspond to the
longitudinal direction — parallel to the rolling direction, the depth direction — normal
to the sheet surface, and the transverse direction — perpendicular to the rolling

direction, respectively.

a. Loading step (indentation) b. Rolling process

c. Lift up roller d. Unclamping step

Figure 5.3 Steps of the deep rolling process: a. The loading step, roller (rigid)
contact specimen (deformable), only rolling load is applied on the roller; b. The
deep rolling step, both rolling load and roller speed are applied; c. The roller lifts

step, roller leave sample, and sample are still fully constrained; d. The
unclamping step, remove all boundary conditions (BCs), and only one node is
constrained
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5.3.2 Boundary Conditions and Interaction Properties

In this set of CS1 models, different rolling loads and two-sided rolling processes
are investigated. The modelling parameters are shown in table 5.2. A rigid plane
was included to simulate the interaction with the vacuum clamps, and the lower
surface of aluminium alloy sheets, during the rolling process. The vacuum clamps
were modelled by applying one-atmosphere pressure (101325 Pa) on the contact

surfaces of the sheet towards the rigid plane (as shown in figure 5.2).

The influence of friction between the backing-bar, aluminium sheet, and roller
was investigated. Figure 5.1b demonstrated the friction between the contact
surfaces. Models of CS1 focused on the effect of different coefficients between
the backing-bar and the aluminium sheet, and between the roller and the
aluminium sheet, p1 and p2 were represented respectively. The influence on the
residual stress distributions and distortion was compared with experiments. The
best fitting combination was applied to other models. The parameters explored

are reported in table 5.3.

Table 5-3 Parameters of friction coefficient investigated in CS1

Model description p (backing-bar and sheet) 2 (roller and sheet)

120mmx50mmx1.6mm 0.1 0.1, 0.3, 05

CS1: 60kN load applied

to one surface

0.3 0.1,0.3,0.5

0.5 0.1, 0.3,0.5
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The results were primarily compared by distortion; then the better fitting
parameters were further compared by residual stress profiles. Then, the best
match between models and experimental results were further applied to further

FE models.

By simulating the boundary conditions of the clamped sheets, all the nodes in the
opposite surface to rolling were restrained against the out-of-plane displacement.
To avoid the sheet moving along the longitudinal direction during rolling, the end
plane was restrained against displacement in the longitudinal direction (x-
direction). To prevent the sheet moving in the transverse direction during the
rolling process, four nodes on the corners of the lower surface restrained the
sheet against the displacement in that direction (z-direction). Two side planes
annotated in figure 5.2 were also restrained to allow rotation in the longitudinal
and the normal directions. During the unclamping steps, only one node on the
centre of the lower surface was fully constrained (ENCASTRE), and the boundary
conditions of side planes were kept, while the rest of the mechanical constraints

were removed.

5.3.3 Implemental Two-Sided DSR

By simulating the two-side rolling process, aluminium alloy sheets were rotated
along the central axis of x-direction by 180°. Then, all boundary conditions had to
be reset following the procedures are given in section 5.3.2. An additional
procedure is necessary for this section. A predefined stress field at the initial step

is defined by importing the residual stress states of the one-sided DSR.

In figure 5.4, the residual stress state was imported before the loading step, and
the residual stress distribution was further modified by following the steps

illustrated in figure 5.3.
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a. Predefined stress field at the initial step b. Stress states after unclamping

Figure 5.4 a. The illustration of predefined stress field of the two-side DSR; b.

Final stress state after unclamping. 3D FE models of CS1

By further modifying the boundary conditions, two rollers were applied at the
same time to simulate two rolled strips of the one-side surface. Details of DSR

processes on sheets are given in section 5.3.4.

5.3.4 Models of DSR Processes on CS3 Sheets

Differing from the DSR models of CS1, two rollers were applied in FE models
(CS3), inorderto simulate double rolling processes on one surface. By calibrating
the roller positions to be the same as in experimental conditions, all the other
boundary conditions followed the details given in section 5.3.2. The one-sided
DSR process is shown in figure 5.5. In section 5.3.3, the two-sided rolling
processes were simulated by changing the boundary conditions of the final
unclamping step. Clamping was applied in the first three steps. To prevent the
sheet moving in the transverse direction during rolling, all nodes 10 mm away
from both the width edges restrained the sheet against displacement in that
direction.

116



a. Loading step of one-side DSR b. Rolling step

c. Roller lift-up step d. Unclamping step

Figure 5.5 Simulation of DSR processes on one surface by two rollers a. The
loading step, only movement of the roller along the thickness direction by a
given load. b. Rolling process step, movement of rotation by contact interaction
—friction. c. The step of lifting up the rollers, stable distributions of residual
stresses after rolling processes. d. Unclamping step, redistribution of residual

stresses and generation of distortion after unclamping

To simplify the DSR processes of CS3, rolling was applied by double rollers, to
simulate this process instead of rolling twice on one side by a single roller. The
same as the two-side rolling of CS1 in section 5.3.3, where FE models of two-
side DSR processes were achieved by using a given predefined stress field. In
figure 5.6, the predefined stress field and the final stress state are shown. Unlike

in figure 5.4b, the behaviour of bending was captured, which was influenced by
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the different load parameters. However, the same bending behaviour was

obtained in the experimental findings.

a. Predefined stress field at the initial step b. Stress states after unclamping

Figure 5.6 a. The illustration of predefined stress field of the two-side DSR; b.

Final stress state after unclamping. 3D FE models of CS3

In fatigue tests, all the centre-slit specimens were accomplished by EMD
(Electrical Discharge Machining). Experimental measurements of residual
stresses didn’'t account for the effects of the centre-slit. With regard to the
flexibility and accuracy of FEA, a complementary model of CS3 was designed,
and a centre-slit was inserted with the same geometry as ones used in MT

samples. Details are shown in figure 5.7.
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a. Redistrict regions of the centre-slit sample b. RS field after unclamping

Figure 5.7 Modified CS3including the effects of a centre-slit a. Partition of
aluminium sheet accounts for the centre-slit geometry. b. Stress states of one-

side DSR process after unclamping

The added centre-slit had a great effect on the meshing methodology. Figure 5.7a
presents the relocation of the regions of a centre-slit (notch) sample. After
meshing of the centre-slit (notch) sample, all the other settings and boundary
conditions were retained in order to simulate this model. Figure 5.7b
demonstrates the residual stress distributed on the centre-slit (notch) sample

after unclamping.

5.4 FE Modelling Results

In this FE analysis, displacements and residual stresses were mainly predicted
and exported. In this research, deep surface rolling processes involved multiple
rollings on most samples. Two hardening types were investigated and compared
to experimental measurements of deep rolled samples (CS1) shown in section
5.4.1 and 5.4.2. Regarding FE models of CS3, the induced residual stresses were
compared to results of neutron diffraction measurements and are demonstrated
in section 5.4.3. Also, a study of residual stress redistribution was carried out,

and the results are presented in section 5.4.3.
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5.4.1 Comparison of Hardening Models (CS1)

Two hardening types were used in this work, isotropic hardening and kinematic
hardening. Residual stress results of FE models and ICHD were compared later.
To measure residual stress distribution through the entire thickness, section 3.6.1
already introduced the methodologies of ICHD in CS1. Figure 5.8 shows the
contour plot of the longitudinal RS of the full sheet. Moreover, the measurements
are chosen in models corresponded to those holes measured by ICHD. The DSR

process was applied on one surface under a load of 60 kN. The friction coefficient

between the two contact surfaces was assumed to p = 0.1.

"\ Measuring path of RS in FE models”

Figure 5.8 Contour plots of the longitudinal RS of the CS1 sheet after
unclamping, and measuring path marked in red (Unit: Stress/Pa)

Two-dimensional residual stresses obtained from FE models were compared to
experimental results measured by ICHD, The RS in the longitudinal direction is
shown in figure 5.9, and the RS in the transverse direction is shown in figure 5.10.
A load of 60kN was applied to one surface of the CS1 sample (AA2024-T351).
Residual stress through thickness was obtained by FE modelling, as well as by
ICHD. Results of longitudinal RS are shown in figure 5.9.
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Figure 5.9 Effects of two hardening types on longitudinal residual stresses,
compared with ICHD

Both hardening types showed a good agreement with experimental results. Being
careful to notice the differences, the isotropic hardening curve showed a better
agreement with ICHD within 200 microns depth. However, kinematic hardening
had a better fit at around the maximum value of compressive residual stresses
(CRS). Moreover, when balanced tensile residual stresses (TRS), near the other
side (at about 1600 microns), residual stresses of kinematic hardening coincided

with ICHD results.

Apart from the comparison of longitudinal residual stresses, results of transverse

residual stresses (along with the width direction) are summarised in figure 5.10.
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Figure 5.10 Effects of two hardening types on transverse residual stresses,

compared with ICHD

When comparing these two hardening types with those shown in figure 5.9,

results of kinematic hardening showed a better agreement at between depths of

200 microns and 800 microns. Similar findings to figure 5.9, where the maximum

values of compressive residual stresses between the kinematic hardening model

and ICHD data coincided, not only with the values but also with the corresponding

location in depth.

Apart from the results of residual stresses, displacements of two nodes on both

surfaces are measured and compared to experimental values. Measured nodes

are shown in figure 5.11. Moreover, out-of-plane displacements compared to

experimental values are also shown in figure 5.11.
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Figure 5.11 Out-of-plane displacements (distortion) at selected locations, and
comparison between experimental measurements and FE models. (Unit: U/m)

If only the comparison of RS results was taken into account, both isotropic and
kinematic hardening could work well using FE analysis. However, out-of-plane
displacements of kinematic hardening models showed a better fit to experimental

RS values extracted from rolled sheets.

Based on the above comparison results between isotropic hardening and

kinematic hardening, parameters of kinematic hardening were used for the further
DSR models.
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5.4.2 Meshing Sensitivity Study

Low meshing density (2x1x0.16 mm?3) and high meshing density (1x1x0.1 mm3)
were applied to 3D models of CS1, simulating one surface rolled by 60kN. The

friction coefficient between two contact surfaces (details in section 5.3.2) was 0.1.

The distortion and residual stress profiles were compared to experiments, as
shown in figure 5.12 and figure 5.13.

Distortion influenced by meshing sensitivity

12 -~
10 -
O node 1 EXP

£ i
£E° * O node 200 EXP
£ 0)
c
% 6 - X node 1 (low meshing)
[8)
'—g_ 4 - _ X node 200 (low meshing)
© 5 | \ T 7 O node 1 (high meshing)

. node 1 node 200 O node 200 (high meshing)

Figure 5.12 Meshing sensitivity study: two different meshing density models of
CS1 compared to experiments by displacements (after unclamping)

In figure 5.12, both two models show that the displacement of the two nodes is
different, not balanced. This is consistent with the distortion behaviour measured
by the experiments (dark hollow dots). The model with a high meshing density
fits better to the experimental displacement measured at node 200 as shown in
figure 5.12.

Figure 5.13 further compared the differences in residual stress profiles between

two different mesh density models and experimental values measured by ICHD.
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Figure 5.13 Meshing sensitivity study: two different meshing density models of

CS1 compared to experiments by residual stress profiles (after unclamping)

In figure 5.13, the high density meshing model demonstrates a better fitting to the
experiment, between 100 micros and 1200 micros in depth. The residual stress
values within this depth range were averaged and compared with experimental
data. The average residual stress of the high density meshing model was 1%
different from the experimental result. However, the average of the low density
model had 10% differences. Further refinement of the meshing could be possible
to improve the accuracy of FE models. However, the computing time would be
greatly increased. Close to both surfaces, residual stress values of FE models is
not consistent with the experimental results, which may be errors in the
experimental measurements of residual stress fields. The high meshing density

(1x1x0.1 mm?3) is possible to meet requirements in this research.

5.4.3 Sensitivity Study of the Friction Coefficient

Kinematic hardening was applied to CS1 models, further for exploring the
sensitive influence of the friction coefficient on the model accuracy. Figure 5.11

demonstrated that the method of distortion measurement by determining the out-
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plane displacement (perpendicular to rolling direction) of two nodes from the

lower surface.

Different friction coefficients were applied to CS1 models (low meshing density
applied), for exploring the sensitive effect on the accuracy, by determining the
displacements and residual stress profiles (after unclamping), results shown in
figure 5.14.

12 4 Friction sensitivity: u1 =0.1, u2 =0.1/0.3/0.5
€ 10 4 o) Onode 1EXP O node 200 EXP
g 8 A (o) Onode 1(0.1/0.1) O node 200 (0.1/0.1)
o o)
g 6 1 O Onode 1(0.1/0.3) O node 200 (0.1/0.3)
(1}
& 4 o) node 1(0.1/0.5) O node 200 (0.1/0.5)
<

. 3 =

node 1 node 200
a

12 1 Friction sensitivity: ul =0.1/0.3/0.5, u2 = 0.1

10 - [0) Onode 1EXP O node 200 EXP
€
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c .
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0 \J
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Figure 5.14 Friction sensitivity study: a. fix g; =0.1 (friction coefficient between
roller and sheet), changing u, = 0.1/0.3/0.5 (friction coefficient between sheet and
backing-up bar); b. fix g4, =0.1, changing p; = 0.1/0.3/0.5. Displacements

measured and compared to experiments (after unclamping)
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In figure 5.14a, the greatest displacements of two end nodes are reduced when
increasing the friction coefficient between the sheet and back-up bar, whilst the
friction coefficient at the interface between the roller and the specimen remains
0.1.

In figure 5.14b, the friction coefficient at the interface between the specimen and
the backing-up bar was fixed to 0.1, the reduction of displacement was only
captured in the model with two friction coefficients 0.5/0.1. The friction coefficients
0.1 and 0.3 applied to the interface between the roller and the specimen have no

significant effect on the distortion behaviour of FE models.

Other combinations of friction coefficients 0.3/0.3, 0.3/0.5, 0.5/0.3 and 0.5/0.5

were compared by the largest displacements, and plotted in appendix C.

By comparing the residual stress distribution (after unclamping) calculated by the
FE models with experimental results, two combinations of the friction coefficient
0.1/0.1 and 0.3/0.1 were further studied and evaluated.

Residual stress profiles of two models with different friction coefficients were
compared to the ICHD experiments. The longitudinal RS (o1) and transverse RS
(03) distributed along the thickness were obtained from low density meshing

applied models.

In figure 5.15, there is no significant difference in residual stress distribution
between two models and the experimental RS. Residual stress result of the
model with the friction coefficient 0.1/0.1 fit better to the experiments, especially

at the near surface.

The study on meshing and friction sensitivity above demonstrated that high
density meshing and low friction coefficient could improve the simulation
accuracy of the FE model. Further study of finer partitioning meshing and more
combinations of friction coefficient could contribute to the higher accuracy of the

simulation. However, itwould take a large amount of time.
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Figure 5.15 Friction sensitivity study: two models of CS1 with two different

friction coefficient applied, compared to experiments by two directional residual

stresses (after unclamping)

128



5.4.4 Results of One-sided DSR Simulations (CS1)

Figure 5.16 demonstrates the o1 field induced by the one-side DSR treatment.
The rolled surface and the bottom surface, opposite to the rolled surface, are

displayed in figure 5.16, the cross-section at the middle of the sample as also
shown.

CS1 DSR sample by 15kN load, applied to one surface
Residual stress o1 field after unclamping

Cross-section at the middle of CS1 DSR sample

Figure 5.16 Residual stress o; generated by deep rolling on one surface (top
surface) The maximum value of CRSand TRS are -110.1 MPa, 40.91 MPa at the
middle cross-section of CS1sample (Unit: Stress/Pa)

Kinematic hardening was used to simulate the deep rolling process, performed
on a single surface, with a load of 15kN. One advantage of FEM is to predict the
accurate residual stress field in the central width (path of fatigue crack
propagation). Figure 5.17 shows the residual stress induced by different loads, at
the cross-section of the width. Deep rolling was applied to only one single surface
of CS1 samples.
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Figure 5.17 Residual stress fields of the cross-section induced by different
rolling loads, DSR applied on one surface. Kinematic hardening is applied to

material properties (Unit: Stress/Pa)

The maximum values of CRS and TRS induced by DSR were obtained from FE
results, as shown in table 5.4.

Table 5-4 Maximum compressive residual stress and tensile residual stress from
FE 3D models

CS1: 15kN CS1: 30kN CS1: 60kN
Max. CRS 110.1 MPa 304.9 MPa 483 MPa
Max. TRS 40.91 MPa 249.8 MPa 345.3 MPa
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For the lowest applied load sample (CS1, 15kN), it was seen that compressive
residual stress was distributed near the rolled surface, whilst the balanced tensile
residual stress was obtained near the opposite surface, as shown in the middle
of the cross-section. When the applied load was increased to 30kN, the rolled
cross-section was full of compressive residual stress, whilst the balanced tensile
residual stress was found outside of the rolled area. The maximum CRS was
increased by three times, where the load was only doubled. However, the
maximum TRS was increased by more than six times. When comparing the 30kN
rolled sample with the one rolled by 60kN, the maximum CRS was increased by

180 MPa, whilst the maximum TRS was increased by below 100 MPa.

5.4.5 Results of Two-sided DSR Simulations (CS1)

Section 5.3.3 has described the methodologies of two-sided DSR processes
using FE models. One surface of the CS1 sample was firstly deep rolled using a
load of 60 kN. Then, the opposite surface was deep rolled with a load of 30 kN.
Experimental results of two-dimensional RS were compared to the FE results, as
shown in figure 5.18. The residual stress was measured in the thickness. The X-
axis represents the distance from the first rolled surface, along with the thickness
of 1.6 mm. The Y-axis represents the residual stress values, measured by ICHD

and averaged by FE, respectively.
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Figure 5.18 Two-sided DSR by the first load 60 kN on one surface and the second
load of 30 kN on the opposite surface, residual stress of o, and o; compared by
ICHD and FE data

Results in figure 5.18 showed that RS of the FE model in o1 direction had a better
fit when compared to date measured by ICHD. Additionally, the maximum CRS
of ICHD results in both measured directions coincided with the data of the two-

side DSR model.
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By taking a comparison between residual stresses in the longitudinal and
transverse direction, DSR induced higher compressive stress in the rolling path

(o1). Moreover, o1 residual stresses show compressive along nearly the entire
thickness.

Analysis of the residual stresses along the transverse direction showed that high
compressive residual stresses were induced beneath one surface, whilst low

tensile stresses were obtained along the opposite thickness.

The compressive residual stresses obtained along the first half of thickness were
not counterbalanced by the residual stress distributed along the other half of the

thickness.

Figure 5.19 shows the effect of residual stress and distortion, induced by different
loads, at the cross-section of the width. Deep rolling was applied to both surfaces

of CS1samples.
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Figure 5.19 Effects of induced residual stress and distortion by different DSR
load parameters, 60/15kN, 60/30kN and 60/60kN (Unit: Stress/Pa)
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In the three rolling load parameters, loads of 60/15kN induced the lowest
distortion. The other two loading parameters caused the highest distortion, of

which the maximum value of distortion at the sample edge was around 10 mm.

All samples demonstrated that o1 residual stress was nearly compressive along
the thickness direction, within the rolled area. There was no tensile residual stress
balancing the compressive residual stress within the rolled area. Higher tensile
residual stress was distributed at the outside of the rolled area. It was seen that
the average of compressive residual stress induced by 30/15kN loads was 300
MPa, no significant difference to the induced residual stress fields of other two
samples (DSR-60/60kN: light blue corresponding 345.9 MPa). However, the
distortion generated by the former loads was dramatically lower than the load

parameters of the others.

The maximum values of CRS and TRS induced by DSR were obtained from FE

results, as shown in table 5.5.

Table 5-5 Maximum compressive residual stress and tensile residual stress from
FE 3D models

CS1: 60/15kN CS1: 60/30kN CS1: 60/60kN

Max. CRS 331.4 MPa 385.9 MPa 485.3 MPa

Max. TRS 240.9 MPa 279.3 MPa 329.5 MPa

5.4.6 Results of FE Models (CS3)

In this section, results of distortion and residual stress were obtained from FE
models. Firstly, distortion after deep rolling processes was compared to FE
models. Then, residual stress results obtained from FE models were compared

to experimental data measured by Neutron Diffraction (ND).
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Results of distortion

In this section, results of out-of-plane displacements (distortion) and residual
stresses after unclamping are compared between FE models and experimental
measurements. An aluminium sheet of CS3 was deep rolled on both surfaces,
one surface under aload of 60kN, with the opposite surface under a load of 15kN.
Out-of-plane displacements were measured by using a laser scanner, and the
measured path is displayed in figure 5.20, along with the centre line of the width.

Both distorted surfaces were scanned along the measured path.

Figure 5.20 Contour plot of the out-of-plane displacements (3X magnification)
and the measured path of both surfaces (CS3 samples of AA2024-T 351)

Due to the position of the clamping tools used for setting up the out-of-
displacement measurement, the straight dash-dot line in black on figure 5.21
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represents the lowest point by assuming a zero distance between contact
surfaces of the bottom surface and a fixed horizontal plane. Distorted surfaces
were scanned and plotted in figure 5.21, and are represented by full coloured
lines. Moreover, those distorted surfaces measured by FE models are plotted by
dashed colour lines. The secondary axis denotes the reduction or increase of, the
cross-section in thickness after DSR. There were little thinner of the thickness in
the non-DSR region. However, within the rolled areas, there was no more than a
20% change of thickness close to the edge of the rolled strips (50 mm and 70

mm in figure 5.21).
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Figure 5.21 Comparison of measured distortion by the laser scanner and FE
models, the changes in thickness after DSR of 60/15kN
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Results of residual stress

In this part, RS results from FE models were compared to experimental data of
ND measurements. Then, different loading parameters were used for comparison
between distortion behaviours and residual stress fields at the cross-section of
the middle width.

1. RS comparison of FE and ND

By averaging the residual stresses through the thickness (the method of data
averaging is shown in section 3.6.3), a comparison could be implemented
between results measured by neutron diffraction and the data exported from the
CS3 model. The gauge volume of ND was 0.6 x 0.6 mm? (plane stress condition).
Therefore, residual stresses were measured at three different positions along the

thickness direction, as shown in figure 5.22.

f '
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Gauge volume of ND
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and averaged FE elements

0.6 mm averaging from element 2 to 6

s 0.8mm averaging from element 3 to 7

|4_1.5 mm_,l

1.0mm averaging from element4to 8

Figure 5.22 Schematic diagram of selecting FE elements to average residual
stresses by the comparison with the results of Neutron diffraction
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Comparison of residual stresses between measured data from neutron diffraction

and averaged values of the DSR model is shown in figures 5.20 and 5.21.

Longitudinal residual stresses were parallel to the rolling direction, while the

transverse residual stresses were parallel to the width direction. A sample of CS3

was deep rolled using 60/15kN loads. One surface was first rolled by a 60kN load,

whilst the opposite surface was then rolled by the lower load of 15kN. As a result,

two rolled strips on each surface were accomplished.
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Figure 5.23 Comparison of residual stress in-depth between the FE model and

experimental results of neutron diffraction, 60/15kN loads applied to a slit-free

sample of CS3.

In figure 5.23, RS o1 of the FE model, within the rolled areas, showed good

agreement

with

experimental

values taken from neutron diffraction

measurements. However, measured points of the FE model taken near the
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centreline, showed higher tensile residual stress compared with those measured
by ND. The same results were found in non-DS rolled areas, measured at points

between 25 mm and 95 mm.

2. Comparison of distortion and RS by different loads (two-sided rolling)

Three loading parameters were applied to FE models, 20/10kN, 30/18kN and
60/15kN, respectively. FE models simulated two deep rolled areas of each
surface, corresponding to four times deep rolling processes in total. The first
surface was always rolled by the higher load, whilst the opposite surface was
rolled by the lower load. The results of the induced distortion of the top surface

(lower load applied) and residual stress at the cross-section of the middle width
are reported in figure 5.24.
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Figure 5.24 Effects of induced residual stress and distortion by different DSR
load parameters, 20/10kN, 30/18kN and 60/15kN. Slit-free samples of CS3 (Unit:
Stress/Pa)
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Distortion results of the sample rolled by 20/10kN could be considered negligible.
This FE result was consistent with the experimental result of samples treated by
the same loading parameters. Differing from distorted surfaces of samples
treated under loads of 20/10kN and 30/18kN, the distorted surface of the sample
rolled by 60/15kN presented a convex profile, unlike the concave surface of the
sample rolled by 30/18kN and others in figure 5.24. Residual stress within the
rolled areas generated by 20/10kN loads demonstrated that compressive residual
stresses were close to the most recently deep-rolled surface. This was more
clearly seen in the result of the sample rolled under 30/18kN loading. Residual
stresses within the treated area of the sample rolled by 60/15kN showed that
more compressive residual stresses were close to the first deep-rolled surface
(rolled by 60kN). Therefore, the sample was bending toward the first rolled

surface.
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3. Results of RS redistribution (compare one-sided with two-sided DSR)

Another study of residual stress redistribution was carried out using FEM. Rolling

loads of 20kN, 30kN, 60kN were only applied to one single surface of the slit-free
samples of CS3 (those with two rolled strips). Rolling loads of 20/10kN, 30/18kN,

60/15kN were applied to both surfaces of the slit-free samples of CS3 (those with

four rolled strips). The results of residual stress fields at the cross-section of the

middle width, as induced by the above loading parameters, is shown in figure

5.25.
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Figure 5.25 FEA on residual stress redistribution of deep-rolled samples, three
different loads (20kN, 30kN, 60kN) applied to the single surface; three different
loads (20/10kN, 30/18kN, 60/15kN) applied to both surfaces, o, (longitudinal

residual stress) used to present the FE results (Unit: Stress/Pa)
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In comparing a 20kN load rolled on one surface, with 20/10kN loads rolled on
both surfaces, there were no significant differences to the redistribution of
residual stresses. Both CRS and TRS regions remained almost the same after
the second surface was deep rolled. However, the other two FE models
demonstrated a quite distinct redistribution of residual stress after deep rolling
was performed to the second surface of samples. Results of the 30/18kN FE
model showed, in figure 5.25, that the higher compressive region moved to the
second rolled surface (rolled by the 18kN load). However, as also shown in figure
5.25, results of the 60/15kN FE models demonstrated that the higher
compressive region remained close to the first rolled surface (rolled by the 60kN
load). RS induced by a 60kN load rolled on one surface, compared with the RS
field generated by the 60/15kN loads rolled on both surfaces, exposed that the
range of CRS was significantly enlarged in the thickness, although the maximum

CRS was slightly reduced.
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4. Effects of RS by different roller positions

By enlarging the width of the untreated areas, between the two rolled strips, to 40
mm, the induced RS fields differed from the results above. 60/15kN loads were
applied to two different FE models. Only the initial positioning of the roller was

changed. The results of these residual stress fields are shown in figure 5.26.
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Width =20 mm (distance of two rolled areas) Width =40 mm (distance of two rolled areas)

Figure 5.26 The effects on residual stress fields of FE models by positioning
roller, same load parameters of 60/15kN applied on both surfaces (Unit:
Stress/Pa)

It was seen from the residual stress distribution along the thickness that the area
of high CRS was reduced, when the roller was positioned away from the centre.

The area between two rolled strips was entirely occupied by the high tensile

residual stress.

Values of residual stress o1 field of the middle cross-section, shown in the figure
above, were averaged in the thickness and plotted against the width of the

sample, as presented in figure 5.27.
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Figure 5.27 Residual stress distribution in the middle width, red dot curve
represents RS and corresponding the rolled area of the red rectangular shape;
green dot curve represents RS and corresponding the rolled area of the green

rectangular shape

In figure 5.27, 20 mm of FE (20mm)-60/15kN represents the untreated width
between two rolled regions is 20 mm. 40 mm of FE (40 mm)-60/15kN represents

the untreated width between two deep rolled is 40 mm.

Residual stress results of FE (40mm)-60/15kN in figure 5.27 were used in the

analytical method, for the calculation of Kres, illustrated in chapter 6.

The slit effects were discussed in chapter 7.
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55 Conclusions

In this chapter, finite element simulations of deep surface rolling were presented.
Isotropic hardening and kinematic hardening were applied to deep rolled samples
of CS1. The meshing and friction sensitivity were studied and validated with
experiments. Distortion and residual stresses of certain FE models were
compared to experimental results. The effects of deep rolling loads were
analysed by the comparison of distortion behaviours and residual stress
distribution at the cross-section of the middle width. Rollers in different locations
had a great influence on the distribution of residual stress. Through the analysis

of FE results, main conclusions could be summarised below.

e Kinematic hardening was applied and contributed to more accurate
results in this research.

e The high density meshing size (1x1x0.16 mm3) significantly improved the
accuracy of simulation in this FE analysis.

e The friction coefficient (0.1/0.1) was verified to offer the acceptable
accuracy of FE models in this work.

e Samples were deep rolled on both upper and lower surfaces could be well
realised, and the FE results of distortion and residual stress were
consistent with experimental results in most aspects.

e The result of FE(40mm)-60/15kN in figure 5.23 was applied to Chapter 6.
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6 Effects of Residual Stress on Stress Intensity Factor

In this chapter, the effects of residual stress on SIFs are illustrated in detail.
Methods of calculating an effective stress intensity factor range for untreated
samples and the DSR samples, are shown in section 6.1. Without considering
the effects of residual stress fields, the stress intensity factor range (AK) of
untreated samples were calculated by applying geometry factors and Newman
approaches, and the results are plotted against FCGR and shown in section 6.2.
In the next section 6.3, the process of computing residual stress intensity factors
(Kres) is illustrated in considerable detail Effects on FCGR, using superposition
and crack closure theory, are given in section 6.4. By applying the residual stress
summarised from chapter 5, FCGRs are predicted and compared to experimental

results, and they are presented in section 6.5. Finally, a conclusion is drawn in
section 6.6.

6.1 Method of Calculating Stress Intensity Factor

For centre-slit samples, the fundamental relationship of SIF and FCGR is derived
from Paris Law. In this research, fatigue testing samples had a centre-slit of 8
mm (2a) and the geometry of CS3. The stress-intensity range, corresponding to

a given crack growth rate, is calculated from the following equation 6.1.

AK—AP Ta ma 6.1
=3 2Wsec > .

AP =P

max

—Ppn for R>0; AP=P,,, forR<0

Where a = 2a/W, a is for the crack size (half the crack length in the centre-slit
specimen), AP is force range in fatigue experiments, W is the sample width, B is
the sample thickness, R is the external load ratio. Only R = 0.1 is applied to alll
fatigue tests of untreated samples. The type of loads and the geometry of

specimens influence the computed AK value. For DSR or HP treated samples,
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equation 6.1 is not valid. Equation 6.1 doesn’t consider the effects of residual

stress fields or crack closure.

The effect on the applied SIF range on DSR or HP treated samples was
calculated by using the modified superposition method. The maximum total stress

intensity factor (Ktotmax)is calculated using equation 6.2 below.

Kiotmax = Kapp,max + Ky es 6.2

The minimum total stress intensity factor (Ktot,min) is calculated using equation 6.3
below. This method accounts for crack face contact effect by setting values of
Ktot,min that are less than zero as equal to zero.

0

6.3
K appmin + K res

. <0,
Ktot,min = 1f(Kapp,min + Kres) {> ()'

For the stress intensity factor range (AK), Kres does not influence AKapp, as shown

in equations 6.4 to 6.6 below.

AK o = Ktot,max - Ktot,min 6.4
AK o = (Ktot,mux + Kyes) — (Ktot,min + Kyes) 6.5

6.6

AK i = Ktot,max - Ktot,min = AKapp .

At values of Ktwotmin greater than zero, AKtt and AKapp are equivalent to values
calculated in equation 6.1. However at values of Ktotmin less than zero, AKtot is

equal to AKtotmax.

Another method using the Newman crack closure theory to calculate the stress
intensity factor range, was also considered, and is detailed in section 2.2. In this
research, all samples are 1.6 mm thickness (much smaller than the width of the

samples), plane stress conditions were applied by using the Newman equation.

An effective SIF range (AKeff) was calculated using equation 6.7.

1- Oop /amax
AKeff = [T AKapp 6.7
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For residual stress bearing materials, the stress ratio R was replaced with the
effective stress ratio Reff. The effective stress ratio (Reff) was calculated using

eguation 6.8.

_ K totmin

Ref = 6.8

K totmax

In the modified superposition approach, when Kitmin < 0, the Reff = 0. For the
Newman method, a Reff of less than zero is considered and applied to the
calculation of crack opening stress ratios, prior to using the Ktotmax, when Kitot,min

approaches to negative values.

In the Newman equation, there is no clear solution for the Ktotmax approach to
negative values. Very high compressive residual stresses were obtained after
DSR treatments, as shown in section 4.3. Kttmax could feasibly show negative
values in cases where the crack had propagated into the compressive region.

This research investigates the possible solutions for the situation of Ktot,max < 0.

6.2 Computing AKypp and AKes Of Untreated Samples

In this section, both AKapp and AKeff are calculated, and plotted against FCGR in
untreated samples. AKapp is based on the equation of 6.1, while AKeffis calculated
by using the Newman equation (accounting for the crack opening stress ratio).
Results are shown in figure 6.1. SIFs were calculated according to ASTM E647,
and plotted against FCGRs in untreated samples as shown in section 4.5. Paris
constants were obtained from the power fitting of AKapp and AKeff against FCGR.
A power trendline was fitted to the linear of the data in figure 6.1, and the
constants C and n equal to 2.8x1010 (AA2524) and 2.85 (AA2524), 2x10-10
(AA2024) and 3 (2024).
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Figure 6.1 The stress intensity factor range AK against FCGR of baseline AA2024

and AA2524, respectively, calculated by equation 6.1 (ASTM standard) and

Newman equation regarding the crack opening stress ratio
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In section 4.6, the Paris constants of untreated samples (AA2024-T351) were
compared to already published work, and the values found in this experimental
study showed a good agreement with those in the literature. Without the
consideration of any residual stress in components, AKapp can only be determined
by the external load pattern, while AKeff is computed differently by using the

Newman equation.

Further sections investigate the methods of calculating residual stress intensity

factors.

6.3 Calculated Residual Stress Intensity Factors

Although the distributions of induced residual stress always show diverse
characteristics and profiles, due to the different surface treatment processes,
from the numerical integration method point of view, the load acting on the crack
length Aa can be treated as a point load when Aa is infinitesimal. Therefore, all
the weight functions, including the approximate forms, developed for the point
load can be applied for calculating SIFs resulting from the distributed residual

stress.

As mentioned in section 2.1, the universal function of the SIF for the crack-free
stress distribution by integration, was shown in equation 2.11. 60/15kN and
20/10kN loads were applied to two specimens of CS3. Measured residual
stresses, using Neutron Diffraction, were averaged through the entire thickness
by using the Riemann sum formula (shown in section 3.6.3). Accordingly, results
were analysed and matched against the cosine function, shown in figure 6.2 and
6.3. In both figures, the grey rectangular strips are the areas where DSR was

applied.

The different functions of residual stress distribution are given in table 6.1. All
functions, along with measured RS results from the DSR (60/15kN) sample, are

plotted and compared in figure 6.2.
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By importing two experimental values of measured residual stresses (from ND

results) to the different weight functions, the coefficients can be determined, and

the functions are plotted in figure 6.2. After the matching process, the cos61rx

function demonstrates a better agreement with experimental results, if results

between 40 mm and 60 mm widths are not taken into account. Moreover, by

observing numerous fatigue testing samples during the practical testing, it was

noted that the fatigue crack started at the slit and ended before the 40 mm width

point.

Table 6-1 Lists of equations to match the residual stress distribution in the

absence of external loads

Welding RS by WFM

[

a(x) = g, -e_%(g)2 [1 — (5)2] +C

cos4dmx function

og(x) = g, cos% +C

cos6mx function

o(x) = g, coss% +C
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Figure 6.2 Configuration of investigating the matched functions of residual

cos6nx function

stress distribution in the absence of external loads, where blue marks are the

averaged residual stresses measured by neutron diffraction, other dash curves

are the equations of residual stress distribution based on the superposition

principle

Cosine functions were compared with the experimental RS values found on two

samples rolled under different loads and measured by using ND. Results of

residual stress induced by two DSR parameters were shown in section 4.3.3. By

averaging the three values of each measured position, results are summarised in

figure 6.2.
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Figure 6.3 Cosine functions applied to compare the experimental RS data of
60/15kN and 20/10kN DSR samples. Material is AA2524-T351

In figure 6.3, the cosine function of 60/15kN has a better agreement with
experimental values than the function of 20/10kN. The accuracy of measured
residual stress data can influence the constants of cosine functions (oo and C) by

calculating the cosine function from the Neutron diffraction data.

After the function of residual stress distribution is determined, the SIFs for the
crack-free stress distribution can be calculated by using integration equation 6.9
[58].

o(x)

oo s
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By importing the o(x) listed in table 6.1, Kres can be calculated by integration as

shown in equation 6.10.
6
K, es = 0gVmaj (%) + (Vma 6.10

Where Jo is the Bessel functions for integer order is 0. Matlab can help to

calculate the part of Jo(mva).

In figure 6.4, the residual stress distribution o(x) (red curve) and the calculated
Kres (blue curve) of deep rolled samples (60/15kN and 20/10kN) are plotted

together.
15 crack propagation 100
— ©
a
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50 %
E 5
SE o ! 0
2 0
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¥ .10
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-35 Kres 60/15kN ——— RS of 60/15kN -250

- - = Kres 20/10kN - - = RSfield of 20/10kN

Figure 6.4 Residual stress distribution of 60/15kN DSR sample and 20/10kN DSR
sample and integrated K es by Green’s function, where the rolled areais shaded
in blue

In figure 6.4, the X-axis represents the half crack length of M(T) specimens. The
first Y-axis represents the Kres values. The second Y-axis represents the residual
stress distribution in the absence of external loads. In the treated sample rolled

under 60/15kN loads, the maximum value of compressive residual stress is 200
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MPa at 20 mm away from the centreline of the sample (also at the centreline of
the rolled area). Whilst the maximum value of negative Kres is 30 MPa-Ym at 25
mm away from the centreline of the sample (0 mm in figure 6.4). The treated
sample rolled under 20/10kN loads, shows the maximum value of compressive
residual stress is 100 MPa at 20 mm away from the centreline of the sample (also
at the centreline of the rolled area). Whilst the maximum value of negative Kresis
less than 5 MPa-Vm at 25 mm away from the centreline of the sample (0 mm in

figure 6.4).

The sensitivity of calculating Kresis associated with practical residual stress fields,
resulting from various aspects. Thus, itis necessary to discuss the sensitivity that
Kres has on the effect of residual stress fields (using cosine function or FE results).
The calculation process of all DSR treated samples followed the same procedure.
Modified superposition and the Newman approach ef used on the DSR treated
sample (60/15kN) were compared using factors Ktot,max, Ktot,min, Kapp,max, Kapp,min,

AKiot, AKeff, in relation to Kres.

In section 6.1, the superposition method was used to calculate Ktotmax, Ktot,min
when accounting for the Kres. However, this method only considers when Kiot,min
is greater than zero. On the other hand, the Newman method considers the effect
of negative Ktotmin. In fact, the calculation is only invalid when Ktot,max approaches
zero and negative values. The effect on the SIF range and effective stress ratios
of residual stress fields is considered in figure 6.5, where Ktot is calculated by the

superposition method.
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Figure 6.5 The effect on SIF range and stress ratio by using the superposition
method, applied load ratio R = 0.1, 60/15kN applied to an AA2524-T351 sheet of

CS3

By using the modified superposition method, Reffis determined from Ktot,max and

Ktot,min. For the modified superposition approach when Kiotmin< 0 the Reff=0. In

figure 6.6, the stress intensity factor range and stress ratio were calculated using

superposition and the Newman crack closure approach. Results are presented
and compared between two different DSR samples (20/10kN and 60/15kN loads)

and against untreated samples. AKeff of untreated samples were calculated by

using Newman equations. The superposition method is was applied in order to

calculate AKtwt of DSR samples. Kmax was used in place of AKwt when Reff < 0.

AKeff of deep rolled samples were derived by using the Newman crack closure

approach.
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Figure 6.6 Stress intensity factor range and stress ratio calculated using

superposition and Newman crack closure approach, the blue rectangular shape
represents the rolled area. DSR 20/10kN and DSR 60/15kN, CS3, R =0.1

The modified superposition method accounts for crack face contact, by setting

values of Krwotmin that read less than zero, as equal to zero. Because the

compressive residual stress field is distributed over a wide range and the extent

of negative values of Kres is significant, the modified superposition method might

not provide an accurate result if negative Ktotmin was equal to zero. The stress

ratio calculated using the Newman approach in the deep rolled sample (60/15kN),

demonstrated that over 10 mm length was below -2 within the rolled area.

Slit samples of CS3 were deep rolled by a load of 60/15kN. However, the

untreated area, between two rolled strips, was 40 mm wide, as shown in section

5.3. Residual stresses were obtained from the FE models, along with the direction
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of the crack propagation. The cosine function was used to calculate Kres. The

predicted RS field of the middle cross-section and integrated Kres are shown in

figure 6.7.
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Figure 6.7 Residual stress distribution of the DSR sample (60/15kN) and
integrated Kres by Green function, where the rolled areais shaded in blue

The stress intensity factor range and stress ratio were calculated by using
superposition and the Newman crack closure approach. Two external load ratios

0.1 and -0.1 were applied in fatigue tests. Results are presented in figure 6.8.
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6.4 Effectson FCGR by Superpositionand the Newman
Approach

In order to validate the effects of stress ratios, a comprehensive comparison of
all methods used in this research, and the experimental results could be of vital
significance. Fatigue tension-tension tests were conducted, and FCGRs were
calculated in section 4.5. Based on the FCGR of baseline data, the Paris law

(equation 6.11) is applied in this further step of the evaluation.

da _ CAK™ 6.11
dN '

In Parislaw, C and n are the material constants determined, as shown in section
6.2. AK is calculated by the superposition and Newman crack closure methods.
In section 6.3, R or Reff and AKeff were calculated by superposition and the

Newman crack closure method.

In figure 6.9, calculated FCGRs of two models are compared to the results of the
untreated sample and the DSR treated sample under 20/10kN loads. The hollow
circle in black represents the FCGR of the untreated sample (BL) resulting from
experimental data. The solid circle in red represents the FCGR of the DSR
sample with 20/10kN loadings, calculated from experimental results extracted
using ND. The hollow square in green represents the calculated FCGR of DSR
samples, by using the superposition method (SP). The hollow square in blue
represents the calculated FCGR of DSR samples by using the Newman crack
closure approach (Nm). The blue shaded rectangles represent the deep rolled

areas, along with the width from 10 mm to 30 mm of each side.
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Figure 6.9 Effects of the superposition and Newman crack closure approach on
FCGR, compared using untreated (BL) and DSR specimens, applied load ratio R
= 0.1, applied loads 20/10kN

In figure 6.9, both superposition and Newman methods show a good fitting to
experimental FCGR results from the deep rolled sample, within deep rolled areas.
Close to the slit, the Newman approach demonstrated a better correlation with
experimental values. At 35 mm away from the centre of the sample, both models
were disappointing and yielded mismatching results, in comparison to results
taken from the DSR specimen (red).

The cosine function, applied in figure 6.9, continued to calculate Kres in the
comparison to FCGR results measured over the full crack length. The results are
demonstrated in figure 6.10. Variables in figure 6.10 are the same as described

above. The secondary value represents the Reff by using equation 6.8.
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Figure 6.10 Effects of the superposition and Newman crack closure approach on
FCGR, compared using untreated (BL) and DSR specimens (full scale of
measured data along half width of the sample), applied load ratio R= 0.1, applied
loads 20/10kN

In figure 6.10, the prediction of the Newman crack closure approach (in blue)
showed a better prediction compared to experimental results (in red), before Reft
became negative. However, the prediction of Newman crack closure approach
overlapped with the superposition result, when Reff was negative. The maximum
compressive residual stress (CRS) induced by 20/10kN loads was only 100 MPa,
as shown in figure 6.3. The calculated Kres was only -3 MPavm, corresponding to
the maximum CRS, resulting in no significant effect on the predicted FCGR by
using two methods. Another sample treated by 60/15kN loads investigated the
effect of a significant RS field on FCGR.
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Figure 6.11 Effects of the superposition and Newman crack closure approach on

FCGR, compared using untreated (BL) and DSR specimens, applied load ratio R
= 0.1, applied loads 60/15kN

In figure 6.11, application of the Newman model resulted in problems solving the

stress ratio R < 0, as values at 20 mm and 25 mm from the centre show.

Superposition cannot be accurate in predicting the FCGR resulting from the

AKmax, as results tended to be negative. Figure 6.12 gives the predicted results

of Newman and superposition in comparison to FCGR results measured along

the full crack length. The secondary value of Reff was calculated by using the

equation 6.8.
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Figure 6.12 Effects of the superposition and Newman crack closure approach on
FCGR, compared using untreated (BL) and DSR specimens (full scale of
measured data along half width of the sample), applied load ratio R= 0.1, applied
loads 60/15kN

In figure 6.12, the FCGR was increasing, even when the crack tip extended into
the deep rolled area. However, the FCGR slowed down at 15 mm away from the
centreline of the sample (0 mm). Two turning points of Reff are found at 17.5 mm
and 27 mm. Between 17.5 mm and 27 mm, all calculated Reff values were less
than -2 and the Newman equation was unable to predict the FCGR accurately.
When the crack propagated through the rolled area (the compressive region),
predicted FCGRs by both methods were lack of accuracy. However, in this deep
rolled sample, a crack branch propagated along with an angle to the previous
crack path (after 30 mm away from the centreline), shown in figure 6.13a. A

deviation of crack propagation was observed and shown in figure 6.13b.
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crack growth direction
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Figure 6.13 The observation of crack trajectory changes a) crack branch; b)
crack deviation

Branched fatigue crack and deviations were observed at the interface between
the rolled region and outside of the rolled strips. It could be caused by the uneven
surface of the specimens, which resulted in the non-uniform stress field at the
interface, after deep rolling. Another possible reason could be the dramatic
changes of the residual stress field. Within the rolled region, AK was mainly
affected by the localised residual stress being highly compressive. The residual
stress out of the rolled region remained tensile, perpendicular to the crack
propagation direction. Therefore, the crack propagation presented an
unpredictable behaviour in this region. There are few published models for crack
trajectory predictions and no adequate results for illustrating this effect. Further

research is necessary to understand these effects using finite element analysis.

165



6.5 Prediction of FCGRusing FE results

Centre-slit samples (CS3) were deep rolled under loads of 60/15kN. Residual
stresses were obtained by using FE models, as shown in section 5.4.3. Deep
rolled samples were fatigue tested using two different external stress ratios, 0.1
and —0.1.

In this section, residual stress results obtained from FEA were used to determine
the Kres. Following the same procedures as in the SIFs and stress ratios used
above, FCGR could be predicted and compared to the experimental results from

analysis of FCGR.

Figure 6.14 gives the predicted FCGR of the Newman and superposition
approaches in comparison to experimental results measured along the full crack

length. The secondary value of Reff was calculated by using the equation 6.8.
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Figure 6.14 Effects of the superposition and Newman crack closure approach on
FCGR, compared using untreated (BL) and DSR specimens (full scale of
measured data along half width of the sample), applied load ratio R= 0.1, applied
loads 60/15kN
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When the fatigue crack started from the slit, the calculated FCGR of the sample
analysed using the Newman method was higher than the rate determined in the
experimental FCGR specimen. This is resulting from the higher tensile residual
stress obtained by using FE models. However, predicted FCGRs by both the
superposition and Newman method, showed a good agreement with the
experimental results within the rolled area. Within the rolled area, FE models can
predict better results of residual stress fields, in comparison to compromised
tensile stress area at the out of rolled strips. According to the comparison, the
computed residual stress fields were shown to be more tensile than those
revealed in the results of the practical experiments using deep surface rolled

specimens.

Another fatigue test was carried out under R = -0.1 (external stress ratio). Centre-
slit samples of CS3 were deep rolled using the same loads 60/15kN. The rolled
regions were the same as in figure 6.14. Results of FCGRs predicted by the
Newman method and by superposition are compared to those FCGRs found in
experimental results, as shown infigure 6.15. Reff was obtained by using Newman

equations.
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Figure 6.15 Effects of the superposition and Newman crack closure approach on
FCGR, compared using untreated (BL) and DSR specimens (full scale of
measured data along half width of the sample), applied load ratio R = -0.1,
applied loads 60/15kN

FCGR of the untreated sample shown in figure 6.15 was obtained under external

stress ratio R = 0.1.

Similar to the earlier results, the predicted FCGR by Newman method was higher
than in the experimental results, in the length before the crack propagated into
the rolled area. In the rolled area, both methods predicted a reduction in FCGR.
Results of figure 6.15 clearly reveal that Newman prediction shows better fit when
Reff is between -1 and —-2. Compared with the superposition, Newman crack
closure can more accurately predict the FCGR within high compressive residual

stress field, or when the negative load ratio is applied.

FCGRs predicted by the Newman crack closure approach demonstrated quite a

good agreement with results from experimental FCGRs.

168



7 Discussion

One of the main objectives of the current investigation was to predict fatigue crack
growth rates, within the induced residual stress fields, in deep surface rolled
samples with a centre-slit. Residual stress fields within treated samples were
evaluated by experimental measurements (ICHD or ND) and finite element
models. In comparison to the use of a scattergram to display the measured
residual stress field, the cosine function was considered to be an appropriate
fitting approach. Kres was integrated by applying the Green’s function. The
superposition principle and the Newman crack closure theory were used to
determine the AK. FCGR was predicted by using the Paris law, and validated by

comparing to experimental results.

The first section mainly discusses the shortcomings of DSR treatments in this
research. The second section discusses the differences between the FE models
of the DSR process alongside the experimental DSR process. The third section
discusses in more detail the Kres integration by applying the cosine function of
residual stress fields. The fourth section discusses the slit effects on residual

stress fields. Finally, a summary of this chapter is given at the end.

7.1 Discussion of DSR Treatments

Deep surface rolling (DSR) has been used to reduce the distortion and tensile
residual stress of welded components for years. However, DSR is rarely applied
to stress-free samples, with an aim to reduce the FCGR and improve fatigue
performance. The main reason for this inapplicability is the significant distortion

DSR can cause to a material.

In this research, the DSR process was optimised in order to try and reduce this
massive distortion. Moreover, the compressive residual stress field was not
significantly compromised and still demonstrated a dramatic effect on fatigue

performance. Two DSR parameters were applied to the centre-slit sheets of CS3.
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Maximum values of distortion and compressive residual stress were measured
and then compared to the results of untreated samples (BL). The fatigue life
improvement factor (LIF) of different treatments was calculated and compared to

BL samples, as shown in figure 7.1.

Another study of the pre-crack located within the compressive residual stress field
was also investigated. The results of maximum distortion and the LIF of this
treatment are included in figure 7.1; the annotation ‘DSR-30/18kN cover notch’

represents this treatment.

. . . . U F>24 runout
Maxmium RS vs. Maxmium distortion

distortion/mm DSR-60/15kN 1,000,000

LIF=7.22

LIF=2.13
100,000

DSR-30/18kN-
cover notch

average of fatigue failure cycles

10,000

Baseline DSR-30/18kN

BL and D5R-treated
m2524-BL 2524-D5SR-30/18kN {10mm away)

(= T T -
5 L L

0 50 100 150 200 250 300 350
Max-CRS/MPa W 2524-DSR-60/15kN {10mm away) W 2524-DSR-30/18kN cover notch

— [
[
2524-BL 2524-DSR-30/18kN 2524-DSR-30/18kN 2524-DSR-60/15kN
cover notch (10mm away) (10mm away)

Figure 7.1 Results of fatigue life, maximum values of distortion and compressive
residual stress, induced by different DSR treatments, in comparison to the
untreated sample (BL)

Samples treated by DSR-60/15kN loads (LIF=7.22) and DSR-30/18kN loads
(LIF=2.13) provided an effective improvement on fatigue performance, while DSR
was shown to significantly improve fatigue performance if the DSR-strip
thoroughly covers the slit. Although the load parameter of 60/15kN, as shown in
figure 7.1, gave large distortion, the fatigue performance showed significant

improvement. The load parameter of 30/18kN gave lower distortion, and the

170



fatigue performance showed good improvement, even though the compressive

residual stress was compromised by reducing the rolling loads.

Figure 7.2 demonstrated the effect on hardness and residual stress by using the
load parameter of 60/15kN, applied to AA2524-T351.

Figure 7.2 Effects on hardness and residual stress distribution by DSR treatment
(load parameter, 60/15kN), AA2524-T351 sheet

In section 4.2, along with the thickness and within the deep rolled area, the
increase in hardness is up to 5 HV, in comparison to the hardness ef evaluated
in untreated samples. The increase in hardness measured within the deep rolled
area, as shown in figure 7.2, was about 8 HV. The closer to the rolled surface,
the higher the value of hardness was obtained. The sample was deep rolled by
applying a higher load parameter (60/15kN) as seenin figure 7.2, whilst the result
after using the load parameter of 30/18kN was given in section 4.2. The area
within the higher compressive residual stress field, resulted in higher values of

hardness, as shown in figure 7.2.
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7.2 Differences of FE Modelling Compared to DSR

Finite element models successfully simulated the deep surface rolling process,
more particularly, in samples rolled on both surfaces, good fitting predictions were
achieved. This research contained the meshing sensitivity and friction sensitivity
study. The prediction of FE models could fit better with experiments if more

consideration about the meshing and friction refinement were taken into.

In practical terms, when applying DSR to CS3 samples, four times deep rollings
were accomplished on two surfaces. Pre-rolled areas were marked in lines by
hand on both surfaces of the sample. Even though the laser marker can assist to
keep an equal travel distance of each rolling, it was still challenging to keep four
rolled strips perfectly symmetrical, due to the use of manual controls. As a result,
the residual stress fields could not be symmetrically distributed through the
thickness and the width.

For the FE study of CS3 (un-slited samples), in order to save computing time of
the FE models, two rollers were used to deep roll once on one surface, instead
of rolling twice on one surface by a single roller. This simplification gave an error

when averaging the residual stress field in the thickness and the width.

The rolled sheet was distorted and bent towards the rolled surface after one-sided
rolling. For two-sided DSR processes, an external force was applied to keep the
distorted sheet flat before rolling on the opposite surface. At the same time, the
sheet was constrained by the clamping system. In FE models, two-sided DSR
was implemented by using a pre-defined stress field. This stress field was derived
from the FE results of one-sided DSR, i.e. when the DSR was over, and there
was no longer any contact between the sheet and the roller (the sheet remained

flat due to the applied clamping).

In FE models used for this research, the frictional interaction between the roller
and the workpiece was assumed as 0.1. However, it is known that this could
influence the residual stress distribution. Coules [118] reported that both the

frictionless and friction models produced virtually the same residual stress
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distribution when low loads were applied. The frictional interaction displayed
strong effects on the residual stress distribution when large rolling loads were
used (higher loads than 100kN inthe Coules study). The highest load used in this
research was 60KkN.

In section 6.5, FCGRs of two samples were predicted within the residual stress
field induced by using FE results. All FE predicted FCGRs were higher than the
experimental FCGRs, as was evidenced outside ofthe deep rolled area. Residual
stress predicted by using FEA showed a higher tensile residual stress field in the
out of the rolled area, compared to experimental results from using ND. FE
simulation demonstrated a more balanced residual stress field, with a balance of
tensile RS and compressive RS along the width.

7.3 Effects of Residual Stress Fields on Kres

In this research, the cosine function was the method used to describe the residual
stress field induced by DSR treatments. The cosine function was derived from
the scatter diagram of measured RS. Residual stress fields of rolled sheets were
initially measured by using the Neutron diffraction technique. There were no other

functions used to determine Kres and further prediction of FCGR.

For averaging residual stress under plane stress conditions, this research used

the Riemann Sum formula, as shown in section 3.6.3.

Mathematical calculation of Kres was obtained by using Green’s function. The
FGCRs of the known residual stress fields were predicted and compared to

experimental FCGRs resulting from fatigue tests.

Taddia [193] evaluated the effectiveness of the laser shock peening (LSP) in

reducing the fatigue in thin aluminium specimens (2mm thickness).
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Figure 7.3 Configuration of the M(T) specimen and LSP treated pattern [ 193]

The function oy(x) described the residual stress field perpendicular to the crack
propagation. This analytical formulation of the residual stress profile was
proposed by Tada [194]:
-]
o, (x) = g, —4—[”(%) ] 7.1

Where L is the distance between the crack centre and the LSP pattern centreline,
c is the representative of the point in which the residual stress field changes from
tensile to compressive and oo is the maximum value of the compressive residual
stress. The residual stress field by analytical evaluation showed that tensile
residual stresses were distributed in both the sides of the LSP pattern in order to

restore the global stress equilibrium of the panel.

The tensile stresses predicted at the inlet to the shot pattern were lower than
those at the exit, explaining the moderate acceleration in crack propagation, in
respect to the baseline. Fatigue crack propagation slowed down in the central
area subsequently, until the crack reached the pinned line (the edge of the laser
peened area). A final sharp increase of FCGR could be predicted when the crack
reaches the tensile stress field.
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The qualitative conclusion of Taddia somewhat matched the experimental and
predicted FCGR results in this research. However, in his work, there was a lack

of residual stress measurements outside of the peened region.

Kashaev [11] measured LSP induced residual stress field by employing the
synchrotron technique. In the laser peened area, the maximum value of
compressive stress was about 100 MPa. One of the laser peened samples
indicated slightly higher FCGR from the initial crack tip to a/W = 0.36 (CT
specimen, ao = 10mm, W =50mm). This result can be explained as being due to
the presence of tensile residual stress, through the thickness, at the front of the
crack tip. Compared to the untreated samples, the FCGR demonstrated
significant retardation in the growth rate, when the crack propagated through the
LSP treated area that contained high compressive residual stresses through the
thickness. Similar results of FCGRs were found in sections 6.4 and 6.5. The most
significant retardation in the FCGR was observed when the fatigue crack
propagated through the DSR area containing high compressive residual stresses,

through the thickness.

7.4 Investigation of Centre-slit (notch) Effects

The centre-slit in stress-free samples was made by using EDM. Results of
induced residual stress fields were obtained by measuring deep rolled samples
without a slit in the centre. The effects of a centre-slit on residual stress fields

were investigated by using FE analysis.
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Figure 7.4 Centre-slit effects on residual stress fields compared to deep rolling of
one surface by the load parameter of 60kN (Unit: Stress/Pa)

The effect of centre-slits on residual stress fields was simulated by applying the
same slit geometry in the FE model as in the physically experimental sample. The
mesh of the FE modelled slit sample was irregular around the centre-slit. The
computing time proved costly to simulate all treatments with centre-slit samples;
as a result, only one load parameter was investigated and analysed in this

section, as shown infigure 7.4. In general, there was little effect from the centre-

slit, on the residual stress field.
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Summary of the discussions

Hypotheses in this research have been demonstrated step by step, as shown in

the above chapters. The following conclusions are made based on this research

presented.

Deep surface rolling (DSR) applied to both surfaces (upper and lower)
when the rolling load applied to the lower surface reduced, the distortion
could be significantly reduced. The maximum distortion could be reduced
to about 2 mm (load parameters 30/18kN, M(T) sheet, 1.6 mm in

thickness).

Compressive residual stresses were generated and fully distributed
through the thickness when using specific load parameters, 30/18kN and
60/15kN.

Samples treated by DSR at 60/15kN loads (LIF=7.22) and DSR at 30/18kN
loads (LIF=2.13) provided effective improvement on fatigue performance,
whilst DSR was shown to significantly improve fatigue performance if the
DSR-strip can fully cover the centre-slit (notch).

A finite element model (FEM) was developed based on the kinematic
hardening of material properties, to simulate the DSR process. Distortion
and residual stresses were mainly used to validate the accuracy of models.
The result of meshing density study showed that the high density model
(element size 1x1x0.1 mm3) was more consistent with the experimental
data, both in the distortion behaviour and the residual stress field. The
model with the friction coefficient 0.1/0.1 being applied showed a better
agreement with the experiments by examining the effect of friction
sensitivity.
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Vi.

Vii.

Viil.

Distortion resulting from deep rolling process was predicted by using three
dimensional FE models and showed a good agreement with experimental

measurements.

Residual stress (RS) values, predicted by using FE models demonstrated
a good agreement with experimental results at the thickness, especially

within the deep rolled area.

An analytical method was used to describe the residual stress field, based
on the results measured by using Neutron Diffraction. The RS derived by
the analytical method was contributed to calculating residual stress

intensity factor (Kres) by Green’s function.

The superposition and Newman crack closure methodologies as a basis
for fatigue crack growth rate (FCGR) were compared. The Newman crack
closure approach resulted in a quite good agreement with the

experimental measurements of crack growth behaviour.

A meritorious work has been successfully concluded to link the predicted
RS of FE models with the prediction in FCGR, under plane stress
conditions. Calculations using the Newman crack closure approach
showed a good agreement with the experimental results within the deep

rolled areas.

The crack propagation trajectories were influenced by the different DSR
strips, as reported in section 4.6. In addition, the crack branches and crack
deviations were observed at the interface between the rolled region and
outside of the rolled strips, as shown in figure 6.13. Unfortunately, no
reliable models which can predict fatigue crack path deflection with respect

to 3D residual stress field.
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Xi.

Specimens were distorted due to the DSR processes, but were forced to
an almost flat sheet during clamping on the testing machine. This meant
that initial strains were built up within the specimens, before the external
loads were applied. These initial strains might be significant to fatigue

crack growth rates if the initial distortion was significantly induced.
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8 General Conclusions and Future works

Deep surface rolling (DSR) can easily induce compressive residual stress when
compared to laser shock peening, and substantial distortion could be intentionally
reduced by optimising the process. A finite element model was developed to
simulate the DSR process and was validated by experimental results. DSR-FE
models were flexibly used to compare distortion and residual stress by adjusting
loads, the geometry of roller and workpieces. An analytical method was explored
to calculate the process of Kres. The prediction of fatigue crack growth rate
(FCGR), based on superposition and Newman crack closure approaches, can
match well with experimental results. There is a significant effect on fatigue
performance by repositioning the DSR treated locations away from the crack. For
aerospace structures designed in accordance with the damage tolerance
principles, DSR could be optimised to improve the fatigue performance. In
practical structural design, deep surface rolling process could be performed at
where defects may occur, or applied to the potential defects as close as possible

if the structural components are irregular and difficult to treat.

Recommendations below are proposed for future work.

I.  FE models can be further optimised by more involved studies of slit effects
and friction interaction.

ii.  Along the thickness, different regions could be divided up according to the
differences of residual stress field. The FCGR can be predicted in different
regions by using the analytical method.

iii.  The mathematical process of Kres could possibly be compared with another
analytical method (based on ‘a crack perpendicular to the weld bead’).

iv.  The crack trajectories were reported in this research. Future work aims to
identify the residual stress field by applying various DSR process, related
to the fatigue crack trajectories.

v. The effect of different distortion on fatigue crack growth rate will be further

studied through calibration measurements on initial strains.
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10 APPENDICES

Appendix A Fatigue Performance between HP
and DSR

Hammer peening samples were fatigue tested. Half crack length against number
of cycles was shown in figure 9.1. Y-axis represents the half crack length,

averaged by full crack length 2a. X-axis represents the records of cycle numbers.

crack size vs. N-fatigue cycles influenced by DSR & HP

35

a average/mm

0 0 2524-1T-BL

0 2524-TL-BL

0O DSR-30/18kN
DSR-30/18kN
HP-1
HP-2

10000 100000 N/cycles

Figure 10.1 Fatigue data of HP (L) and DSR (30/18kN) treated samples

Hammer peening (HP) treatment in this research was used by a prototype kit. As
a result, only two samples were used to be treated by HP. The compressive
residual stress induced by HP was not as high as induced by DSR of 60/15kN.
The fatigue performance of hammer peened samples was close to the fatigue
data of DSR (30/18kN).
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The FCGR of HP (L) and DSR (30/18kN) is shown in figure 9.2.

da/dN against half crack length between DSR and HP (L)
da/dN m/cycle
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Figure 10.2 FCGR of HP (L) and DSR (30/18kN) compared to untreated samples
(BL), AA2524-T 351, stressratio R =0.1

The maximum value of compressive residual stress caused by HP (L) was 150
MPa. By averaging residual stress in the thickness, value of averaged RS was
-92 MPa. The value of averaged RS by DSR (30/18kN) was -175 MPa. That
explained the result in figure 9.2. DSR (30/18kN) showed down the FCGR, more

significantly compared to the hammer peening treatment (HP-L).
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Appendix B Residual Stress by ICHD
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Figure 10.3 Residual stress measured in-depth, three positions along the width.
DSR (30/18kN), AA2524-T351

Residual stress of hole 1, hole 2 and hole 3 were measured, 9 mm away from the

centreline, 24 mm away from the centreline and 44 mm away from the centreline,

respectively.
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Appendix C Friction Coefficient Study

Friction sensitivity: displacementresults
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Figure 10.4 Friction coefficient study: other combinations of friction coefficients
0.3/0.3, 0.3/0.5, 0.5/0.3, 0.5/0.5, performed by the largest displacements, obtained

from two end nodes
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