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ABSTRACT
The University of Manchester

Carlos Efren Jimenez Acosta
Doctor of Philosophy

Assessment of weld residual stress effects on fatigue crack propagation in ferritic pressure
vessel steels

2016

This project aims to characterize the fatigue behaviour of a crack propagating in a residual
stress (RS) field changing from tension to compression in the welded zone of a ferritic pressure
vessel steel. The fatigue tests were carried out keeping the applied stress intensity factor range
constant to determine the role of residual stresses on fatigue crack growth. The residual stresses
prior to crack growth were evaluated by X-ray diffraction. The weight function method was
used to infer the expected influence of the residual stress on the crack tip in terms of the residual
stress intensity factor.

Two metrics were used to quantify the crack driving force local to the fatigue crack. Firstly the
stress intensity amplitude expressed in terms of the change in the J-integral between maximum
and minimum load and secondly the change in the crack opening displacement ACOD to
estimate closure stress intensity factor. The displacement fields local to a fatigue crack were
obtained by Digital Image Correlation (DIC) and then analysed by JMAN, an in-house
developed algorithm to extract the J-integral based on finite element method and implemented
using MATLAB® code. The difference between the applied stress intensity factor range and
the effective crack driving force at the crack tip was determined in order to understand the
interaction between the prior residual stresses and crack closure phenomena. Three different
R-ratios were evaluated during the experiment (R=0.1, R=0.3 and R=0.5) in order to quantify
the effect of RS on crack tip stress intensity and crack opening displacement. R-ratio plays a
very important role on the fatigue crack growth rate (FCGR): as R increases, FCGR also
increases. The COD was assessed by means of the displacements obtained by DIC local to the
crack faces. The COD method turned out to be more insightful than the JMAN method for
characterizing the crack propagation, this is due to the presence of plasticity in the ligament
which breaks the non-linear elastic conditions, causing the path-dependence of the J-integral.

The fatigue crack growth rate (FCGR) is influenced to a greater degree by the R-ratio and to a
lesser degree by the residual stress effect. There is a direct relationship between R and FCGR:
as R increases, FCGR also increases, irrespective of the presence of tensile or compressive
residual stresses, with the crack closure showing more tendency to occur at low R (i.e. R=0.1)
than at high R (i.e. R=0.5). The relationship between R and the residual stress effect on FCGR
is inversely proportional: as R increases, the effect of RS decreases; this is, R=0.1 shows more
dependence with respect to the RS field, displaying a combination of crack closure during the
first half of the fatigue cycle with slight crack opening for the rest of it, this when the crack is
extending in the tensile residual stress field. When the crack reaches the compressive RS field,
the presence of crack closure through all the cycle is total, i.e. for a crack length a>5.5 mm.
The influence of compressive residual stresses on R=0.3 and R=0.5 is negligible: the closure
present at the start of the cycle is insignificant so the cracks can be considered as fully open
during the whole fatigue cycle regardless of the residual stress field (tensile or compressive)
in which the crack is growing. Although R=0.3 does not show crack closure, it exhibits a slight
reduction in FCGR as the crack goes into the compressive residual stress field.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

When a component can no longer appropriately fulfill the function for which it was designed,
it is said that the component has failed. If this situation happens in a structural component,

which can put human lives in risk, then the scenario can become really catastrophic.

The use of metallic materials in structures has always been associated with a risk of failure.
This can develop through fatigue, brittle fracture, creep or stress corrosion cracking (SCC).
When structures have critical safety applications, failure can result in huge losses, both
financial and human, as well as serious damage to the environment. Although in many cases
failure happens just once in the lifetime of a component, depending on the function of the
component this single failure can result in great catastrophe, for example aircraft crashes, the

burst of big pipelines, the failure of nuclear reactors, or the collapse of large bridges.

Structural integrity analysis has proved to be a powerful tool for analyzing the risk of failure
and assessing the remaining use life of structures. This has become more important in recent
years when financial considerations have led companies to extend the in-service life of

structures beyond their original design life, without increasing risk to human lives.

Structural integrity analysis involves a correct analysis of the stress and strain the component
is subjected to, an understanding of materials behavior under these conditions and knowledge
of failure mechanisms, as well as the interaction between these issues. The development of
advanced numerical and experimental techniques has improved the structural integrity

assessment methods and made it more reliable.

The main threat for the mechanical integrity of structures is fatigue. Extensive studies have
examined fatigue failures due to the fact that they can occur in normal service when cyclic
loading is present, i.e., without excessive overloads. Fatigue is a process of progressive
fracture, in which a component subject to cyclic loads develops a crack which grows until

reaching a critical size which causes the final fracture of the element.

The welding process used for joining metallic elements during manufacture and/or assembly,

introduces residual stresses in the vicinity of the weld. These stresses, depending on if they are
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compressive or tensile, improve or diminish, respectively, the fatigue strength on the welded
joint.

Regardless of the cause, the appearance and propagation of fatigue cracks in a residual stress
field is an undesirable event. The role of the residual stresses on the fatigue crack growth is an
issue that must be analysed and understood in order to have more accurate and reliable
predictive models for structural integrity assessments. This understanding can help to avoid
these assessments becoming over-conservative, with tendency to use unnecessary safety
margins and/or early retirement of the element, or under-conservative, which can have tragic

consequences for society and for environment through the premature failure of the welded

component.

1.2 AIM

The aim of this thesis is to characterize the fatigue behaviour of a crack propagating in a
residual stress field changing from tension to compression in the welded zone of a ferritic

pressure vessel steel.

1.3 OBJECTIVES

1. To characterize the residual stress field of a SA508 Grade 3 Class 1 ferritic steel sample
via X-ray diffraction.

2. To examine a fatigue crack propagating within a residual stress field during a fatigue
test using Digital Image Correlation (DIC).

3. To assess the residual stress contribution to the stress intensity factor (Kres) along the
crack path using the weight function method.

4. To obtain the effective crack driving force (4Kef) at the crack-tip as it propagates
through the residual stress field using the J-integral method to analyse the displacement
field, obtained from DIC.

5. To quantify the extent of crack residual stress induced crack closure during crack
propagation by evaluating the crack opening displacement (COD) in the vicinity of the

crack tip as it propagates through a residual stress field.

13



1.4 MOTIVATION

The knowledge of fatigue crack growth behaviour in a residual stress field is of practical
interest for many applications, mainly in those that involve the risk of loss of human lives

and/or huge financial loses, examples of these include oil rigs, power plants, airplanes, bridges.

Nowadays, welding is the most commonly used method for joining metallic components but,
paradoxically, welding is the main cause of residual stresses in metallic structures. Residual
stresses are generally considered detrimental for the integrity of structures but there are cases
that indicate the contrary. Whatever the case, the real influence of residual stress on fatigue
crack growth should be accurately determined in order to avoid over-conservative or,
otherwise, under-conservative structural integrity assessments, either of which could have a
negative impact on the industrial sector. The results from this research should enable more
accurate and reliable predictive models for the structural analysis of nuclear pressure vessels
to be produced. By extending the safe operational lifetime of the vessel beyond its original
design life will save costs whilst maintaining safety in order to prevent loss of life and risks for

the environment.
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Chapter 2. LITERATURE REVIEW

2.1 FATIGUE

Fatigue is a process of progressive fracture. A body subjected to cyclic loads develops a crack
which grows slowly until it reaches a critical size at this point the element undergoes sudden
failure and it fractures. Figure 2.1 shows two examples of progressive failure due to fatigue,
the two stages of this failure process can be clearly distinguished: slow crack growth (dark

area) and sudden fracture (bright area).

Figure 2.1: Fatigue failure in an aluminium crank arm (left) and in a turbine blade
(right). Images retrieved from:
http://upload.wikimedia.org/wikipedia/commons/thumb/9/96/Pedalarm Bruch.jpg/220
http://www.engelmet.com/images/imqg_turbine.jpq

Despite extensive research and dissemination over many decades, fatigue remains the most
common mode of failure in structural and mechanical components. Joints in structural members

are particularly susceptible and have poor fatigue performancet*!.

The same is true of welded structures: weld joints are more prone to fatigue failures than base
metal, even if the latter contains stress concentration elements. For this reason, fatigue analyses

are of high practical interest for all cyclic loaded welded structures.
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2.2 RESIDUAL STRESSES GENERATED BY WELDING PROCESS

Welds are a major source of detrimental tensile residual stresses. They are therefore a frequent

source of fatigue failures. Formation of the residual stress in weldment can be attributed to

three sources: the non-uniform simultaneous heating and cooling of the part during welding,

variation in shrinkage due to variable cooling rates in different regions of the weldment (surface

cooling effects), and the volumetric changes during metallurgical phase transformations;

hence, they are unavoidable with the welding processt?. The cause and effect of each of these

factors will be discussed in more depth:

Differential heating and cooling. As heat source comes close to the point of interest,
its temperature increases, creating a Heat Affected Zone (HAZ)!. The increase in
temperature decreases the yield strength of material and causes thermal expansion of
the heated weld metal. The expansion in the HAZ is limited by the lower temperature
of the base metal which causes a compressive strain to develop within the metal during
heating. When the heat source moves away from the point of interest the temperature
in the HAZ begins to decrease. This causing the HAZ to shrink but the weld metal
cannot freely contract so it remains in a strained condition. This generates tensile
residual stresses along the weld[l. The differential heating and cooling during welding
generates tensile stress along with weld and compressive stresses in the adjacent HAZ
and base metal. The residual stress experienced caused by welding is a balance between

the tensile and compressive stresses as shown in Figure 2.2.

Differential cooling rate in different zone. Immediately after welding, the cooling
rate at the top and bottom surfaces of weld joint is higher than that experienced in the
core/middle portion of weld and in the HAZ. This causes differential expansion and
contraction through the thickness of the plate being welded, which leads to the
development of compressive residual stresses at the surface and tensile residual stresses

in the corel®.

1 The HAZ is the area of base material which is not melted and has had its microstructure and properties
altered by welding. The heat from the welding process and subsequent re-cooling causes this change from the
weld interface to the termination of the sensitizing temperature in the base metal.
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Figure 2.2: A schematic showing the distribution of residual stresses in a welded plate!l.

Solid-state phase transformation. There have been many advances in the evaluation
of welding residual stresses in austenitic stainless steel. However, due to the
complexities associated with the solid-state phase transformations that occur during
welding there has been less progress in understanding the case of ferritic steels. The
deformations associated with solid-state deformations in ferritic steels can have a
significant effect on the weld residual stresses. The transformation can also affect the
misfit strain between weld and parent plate through transformation plasticityt!.

There are two main types of transformationl®l: displacive or reconstructive. The
displacive transformation is where the new structure is produced by a deformation of
the parent crystal, and the reconstructive transformation involves the uncoordinated
diffusion of all the atoms. Both mechanisms cause substantial strains within the
material. The reconstructive transformations cause a volume change which is, in
general, isotropic, whereas displacive transformations involve a combination of a shear
and a dilatational strains. These transformation strains can be very large, greatly
exceeding elastic strains.

The typical residual stress distribution for most of steels comprises of tensile stresses

at weld metal and compressive stresses in the base metal, with an unsteady
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tensile/compressive residual stress over the HAZ. However, the stress distribution in
ferritic steels does not follow the abovementioned pattern due to the occurrence of
solid-state phase transformations in the weld metal and HAZ during cooling. The
transformational strain counteracts and eventually overwhelms the thermal contraction
strain, generating a noticeable decrement in tensile stress values. Even if the
transformation temperature decreases enough to prevent the accumulation of
contraction stresses once the phase transformation has finished, is very likely that the
tensile stresses characteristic of the HAZ will still turn into compressive stresses.

Residual stresses may be minimized by the choice of joint design, welding technique and post
weld heat treatment (PWHT), but they cannot be eliminated. Several experimental methods are
available for determining residual stresses. They include X-ray diffraction, neutron diffraction,

surface and deep hole drilling, boring, slicing and magnetic methods.

Residual stresses can have a significant influence on the fatigue lives of engineering
components. Under fatigue loading conditions, residual stresses do not cycle as the applied
loads cycle, they are effectively “static”. This means that they do not directly influence the
amplitude of the in-service cyclic loading, but they do influence the mean or maximum value
of the load in each cycle. The fatigue nucleation life (the number of cycles required to form
fatigue microcracks) is a function of the alternating stress amplitude but not the mean stress,
while the growth rates of fatigue cracks are a function of both the stress amplitude and the
mean stress. This implies that residual stresses have relatively little influence on fatigue crack

nucleation, but potentially a significant influence on fatigue crack growth ratet®l.

This is further complicated as that the initial residual stress field inherent in a metal or induced
by the manufacturing process (including welding) may not remain stable throughout the service
life. The residual stresses can relax and redistribute due to a variety of mechanisms. A single
applied load that causes yielding in a region of residual stress (due to the superposition of
residual and applied loads of the same sign) will result in changes in the residual stresses upon
removal of the applied load. Repeated cyclic loading can also cause gradual changes in the
residual stresses over time, even if no single fatigue cycle induces local yielding. Exposure to
elevated temperatures can also relax residual stresses by creep deformation. Finally, extension

of a fatigue crack through an initial residual stress field can cause significant changes in the
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residual stress field under some conditions. The specific mechanisms are different for each of

these different effects, and the various effects often superimposel®l.

In the high stress range, the magnitude of residual stresses does not affect the fatigue strength
because residual stress is relaxed during the early fatigue cycles. At the low stress range, fatigue
strength depends on the initial residual stress because residual stress hardly changes by fatigue
loading. It is thought that the relaxation behaviour of residual stress is determined by the

presence of plastic deformation in the weld toe during fatigue cycling!*l.

2.3 FATIGUE CRACK PROPAGATION IN WELDS

In order to analyze the fatigue process in a welded joint it is necessary to calculate the value of
the Stress Intensity Factor (SIF) of the fatigue crack.

Maddox!*Y, in 1975, collected together the various SIF solutions and adapted them to the
particular case of a semi-elliptical surface and through-thickness crack at the toe of a fillet
weld. The influence of the weld as a stress concentration feature was incorporated in the
solution using Finite Element Analysis (FEA). This approach provided results and estimates

based on the stress concentration factor of the uncracked joint.

Most investigations on Fatigue Crack Growth Rate (FCGR) have used specimens having crack
directions parallel to the weld seam. These studies have shown that the locus of the crack path,

material, welding process and heat input do not affect markedly the crack growth rate response.

Nicoletto[*?] tested multi-pass butt-welded joints in the through-thickness direction of a mild
steel specimen, in order to obtain FCGR properties. He observed optically the crack length and
computed the FCGR by means of an incremental seven point method. The crack closure
phenomenon was investigated with the unloading elastic compliance technique. Nicolettol*?
concluded that, for the base material, the observed insensitivity to positive R-ratios was
associated with the prevailing plane strain conditions and the bending specimen geometry,
which reduced the effect of plasticity-induced crack closure, whereas for the multi-pass butt-
welded joints the FCGR depended on R-ratio and propagation direction.

The size of the cracks is the key information used during in-service inspection to assess the
structural integrity of a component. Although the crack depth is the controlling variable for
fatigue analysis, both the depth and length of the surface breaking cracks are needed to assess
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the remaining capacity of a component. Traditional fatigue design is based on S-N (stress-life)
analysis but this approach does not provide crack growth information for the joints. Fracture

mechanics methods are preferred for in-service integrity assessment.

By the beginning of 1970’s, several researchers had reached the conclusion that a fatigue crack

is diverted toward the softer material in specimens containing a hard HAZ induced by welding.

Richards and Lindley!*®! made some observations which related fatigue crack propagation to

microstructure (including weld metals):

a) Low strength alloys propagate by a striation mechanism (Figure 2.3).

b) Tempered martensitic structures tend to exhibit intergranular separation at low AK
values (Figure 2.4) and void coalescence at high values of AK (Figure 2.5).

c) Materials with brittle second phase particles tend to be associated with microcleavage
(Figure 2.6).

Furthermore, the microstructure of the HAZ depends on the steel composition and the thermal
history of the weld. In multi-pass welding, the microstructures of the coarse-grained HAZ
(CGHAZ) formed in the initial thermal cycle will be refined by subsequent welding passes.

Tsay et al.[**l studied the role of microstructures on the fatigue crack growth of EH36 TMCP
(thermo-mechanical control process) steel weldments, measuring the FCGRs of the steel plate
as well as the HAZ. The FCGRs reduced as the crack propagated into the HAZ and then
eventually entered into the BM (base metal). The lower FCGRs of the HAZ than those of the
steel plate was attributed to the microstructure, i.e. the formation of low-carbon bainite with
high toughness. Transgranular fatigue fracture with fatigue striations at high AK values was
observed for all the (CT) Compact-Tension specimens. The tempered HAZ specimens, with
slightly tougher microstructures, possessed lower FCGRs at high AKs. In addition, the
existence of compressive residual stresses in the HAZ enhanced the crack closure, resulting in

reduced crack growth rates at low AKs.
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Figure 2.3: Region of striation growth during fatigue of fine-grained (28 pm) mild steel.
AK =30 MNm?72, (Arrow indicates general direction of crack propagation)!*°!.

Figure 2.4: Intergranular fracture of laser-welded 4130 steel tempered at 300°C for 1
hourftel,

[ 10 microns b=
‘4—’ !

Figure 2.5: SEM fractograph showing extensive voiding at lath and grain boundaries in
aged 9Cr-1Mo steell'7],
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Figure 2.6: Initiation of cavities produced by the formation of cleavage microcracks in
the ferrite phase of cast duplex stainless steel. The bar === indicates a scale of 15 pml(!8l,

2.4 RESIDUAL STRESS EFFECTS IN FATIGUE CRACK GROWTH

There are two methods for evaluating fatigue strength in materials containing residual stress
fields: fracture mechanics and fatigue strength curve. Fracture mechanics uses the principle of
elastic superposition, and this method analyzes the SIF due to the initial residual stress and the
effects of residual stress are evaluated as a change of stress ratio. Adams™*®, in 1973, was
amongst the first to propose a simple superposition approach using weight function methods to
determine the net effect of residual stresses and applied loads on FCGR in welded joints[l.
There are two subsidiary methods that use fracture mechanics to evaluate fatigue strength: one
uses the redistribution of residual stress caused by crack propagation!???1l and the other uses
the effective stress intensity factor range due to crack closure?2Z1, When a fatigue strength

curve is used, the residual stress is treated as a mean stress!?,

2.4.1 SUPERPOSITION APPROACH

The approach employed most frequently to account for the effect of residual stress on fatigue
crack growth involves superposition of the respective SIF for the initial residual stresses and
for the applied stresses. Given that the SIF is derived from a linear elastic analysis, the
superposition principle will apply. This states that the stress system due to two or more loads
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acting together is equal to the sum of the stresses due to each load acting separately. An
“effective” SIF (Kef) is then taken as:

Ky =K

€l

appl + Kres (2-1)

where:

Keft = effective stress intensity factor, MPavm

Kappt = nominal (or applied) stress intensity factor, MPavm
Kres= residual stress intensity factor, MPavm

Kres is usually obtained by using Weight Function solution by applying the residual stress field
to the uncracked component. However, this Weight Function technique gives only qualitative
results for structures that are not according with elementary cases. In order to achieve a more
accurate determination of Kres the residual stress distribution has to be known at each stage of
the crack growth!?4l,

The incorporation of residual stresses using the mean stress approach assumes that the range

of Kest does not change when the residual stresses are superimposed:

ARy = (KT 4K )= (KT 4+ K )= KT KM = AK

appl appl appl = (22)

appl
where:

AKefr = effective stress intensity factor range, MPavm

Kapp™™ = maximum nominal (or applied) stress intensity factor, MPavm
Kapp™™ = minimum nominal (or applied) stress intensity factor, MPavm
AKappl = AK = nominal (or applied) stress intensity factor range, MPavm

However, the local stress ratio Ret will continually change as the crack propagates through the
superimposed residual stress field for a constant R-ratio, and hence will cause a mean stress
alteration at the crack tip as:

Kmin Kmin Kmin +K

R=" o Rt = =| o |+ R #R (2:3)
Kappl Keff Kappl + Kres

where:
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R = stress ratio

Reft = effective stress ratio

Kerf™ = maximum effective stress intensity factor, MPavm
Kes™" = minimum effective stress intensity factor, MPavm

This indicates that the models for crack growth should include the effective stress ratio in

addition to the stress range, i.e. the Forman equation(?*I:

da C(AK)"
e _ forR>0 2.4
dN  (1-Ry) @4)
da C(AK ff )m
el e forR<0 2.5
dN  (1-R,) 25)
where:

a = crack length, mm
N = number of load cycles
C, m = material constants

Also, the stress intensity factor can be derived by:

K =+/GE (plane stress) K = 1{16E2 (plane strain) (2.6)
-V

The relation between K and G only holds for the linear elastic material behaviour.

Superposition has been widely used in the framework of linear elastic fracture mechanics
(LEFM), especially when the weight function method (WFM) is employed to estimate Kres,
Two separate analyses are necessary to find the Kappi and Kres and then the K[?°I:

K = K | + Kreg (27)

app

The calculations of G and K can be performed separately for both externally applied and

internal residual stress fields.

The strain energy release rate is commonly calculated by Finite Element Method (FEM) using
schemes based on node forces!?®l, In this particular case, by applying the respective stress field
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to the same FEM model, Gappi and Gres can be found by means of the modified virtual crack

closure technique (MVCCT) using the equation:

1 *
= a1 7) @8

where:

Fyy.i = nodal reaction force perpendicular to the crack growth path at the crack tip node i
(vj-vi") = crack opening displacement at node j immediately behind the crack tip

Aa = crack extension length that equals to the crack tip element size

t = plate thickness

and then Kappi and Kres be calculated by Equation (2.6) for the respective stress fields(?],

assuming linear elastic conditions.

Under cyclic loads, only Rett changes due to the presence of residual stresses. It is worth noting
that Res IS not the same as the nominal applied stress ratio R. The Walker, Harter T-method,
and NASGRO equations were used in this analysis to calculate FCGR using Resr to replace the

nominal R-ratio in the original equations.

Considering the welding residual stress effect such equations are expressed as the Walker
equation, (2.9) or the NASGRO equation (2.10)1%:

n

(m-1)
AK

@ _ gl ak,, 2ol Walker (2.9)
dN Kappl,max + Kres
da 1- " AK
—=C AK, NASGRO 2.10
dN ![1— R J ""] 1 Keop + Ko ‘ (2.10)

Kcrit

FCGR of the welded sample was significantly higher than that of the base material due to the
presence of tensile residual stresses. Overall the NASGRO equation gives a better prediction
than the Walker equation.
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The Walker equation does have an appealing advantage for predicting FCGR in residual stress
fields. All one needs to have is a set of measured da/dN data for two different R-ratios for the
base material. The limitation of the Walker equation is that it is too simplistic and it
underestimates the final part of the FCGR when the SIF approaches the material fracture
toughness. NASGRO provides better predictions because it considers the effect of plasticity
induced crack closure by an empirical constant f, and it also takes account of the final fast crack
growth stage when Kmax approaches Kcrit. For materials where the NASGRO equation
coefficients are unknown, the Harter T-method (which is a modified version of the Walker

equation) can be a good prediction tool.
The Walker equation predicts much slower FCGR compared to the other two methods.

Servetti and Zhang!®® concluded that tensile residual stresses (acting like a mean stress) reduce
crack closure effect and increase FCGR. This effect is most pronounced for lower nominal R-
ratios than for higher R-ratios as the influence of Kres o0n FCGR is small.

In a supplemental discussion to a previous paper by Teradal?”! for essentially the same problem
(analysis of SIF for a crack perpendicular to a welding bead), Tada and Paris?®! showed that it
is valid to obtain values of crack-tip stress intensity, arising from a residual stress distribution,
by superposition of the residual stress field onto the crack geometry in a weld. They chose a
different function f(&) to represent the residual stress distribution, compare Equations (2.11)

Terada’s choice and (2.12) Tada and Paris’ choice:

1.,
f(&)=e 2 1-£&%) Terada choice (2.11)
1-&° : :
f,(8)=—4 Tada and Paris choice (2.12)
1+¢

The SIF remained always positive even when the crack extended well into the compressive
stress region. This suggests that the most convenient form for the final expression of K> would
be:

K, = GO%FZ(%J (2.13)
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where c is the location of the point of stress reversal. The term 00\/% in this expression

represents the SIF for a crack in an infinite plate under uniform tension co. F2(a/c) can be

evaluated as:

1/2

c[2)- “@4 ’@2 010

Later, Terada and Nakajimal®® carried out a similar analysis to the previous with the only
difference that the crack was off-centre. In the Figure 2.7, ¢ is the original residual stress
distribution without a crack, oo IS the maximum tensile residual stress at the center line of
welding, C is the coordinate perpendicular to the welding line normalized by the characteristic
length where the stress distribution changes from tension to compression and 2a is the crack

size.

They found that, for a constant crack length, the maximum SIF does not occur when the crack
center coincides with the welding line, but does when the crack front approximately reaches
the welding line. It should be noted here that the original residual stress distribution form is no
longer preserved near the crack when the crack exists because of stress re-distribution due to

crack extension.

LaRue and Daniewicz® used elastic superposition to predict a fatigue crack growing in a
residual stress field. The implementation of the method is simple and the results are relatively
accurate. However it is possible to increase the accuracy by using a closure-based approach,

but this increases the complexity of the model.

o/00

Figure 2.7: Off-centre crack?l,
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2.4.2 CRACK CLOSURE APPROACH

A growing fatigue crack will also generate its own residual stress field, both in front of and in
the wake of its tip. The compressive residual stresses left in the wake influences the crack
closure phenomenon (an effect noticed by Elber®HE2l) which has provided an explanation for
such effects as crack growth retardation caused by periodic high tensile loads and the transient
acceleration caused by low-to-high load transitions.

Unlike the mean stress approach, the crack closure approach can take into account the
compressive residual stresses. The superimposed Kres can either decrease or increase Kes
depending on the sign of Kres and the crack can only propagate if the crack tip experiences
tensile mode-I opening condition, i.e. Kett > 0. Considering constant R-ratio, only part of the

crack will be open if Kef > 0 and closed if Kes < 0.

Numerous researchers have proposed that a crack closure approach is a superior means of
addressing residual stress effects on crack growth in weldmentsZHE3IB4E5] This approach
assumes that the residual stress field influences the crack opening stress (i.e. the stress at which
the fatigue crack tip first becomes fully open during the loading cycle), and that the resulting
changes in the effective stress intensity factor range correlate with changes in the FCGR. The
crack opening levels are determined using either experiment or analysis, Miyamoto et al.[*]
focused his pioneering work in FEA of fatigue crack closure on the welding problem, and
Fukuda and Sugino employed a similar numerical approach to predict how welding residual
stresses influenced crack opening behaviourt®!.

Nelson!?* compared both approaches: superposition and crack closure.

The superposition approach has been used to predict FCGR of cracks in existing residual stress
fields under constant amplitude loading. The closure model has been used to predict load

sequence and mean stress effects in specimens with crack-generated residual stress fields.

A simplified crack closure model that considers residual stress redistribution with crack
extension generates more realistic predictions of FCGR behaviour than the superposition
approach and provides somewhat better predictions of the same parameter than Glinka’s

method for cracks growing first through residual tension, and on into residual compression(?3,
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The crack closure approach provides the mechanics to account for the influence of pre-existing
residual stress fields on growth behaviour, including changes in stress fields due to service

loadings and crack growth, but has not been used significantly for that purpose.

The primary drawback of the crack closure approach is that it usually requires elastic-plastic
FEA, which must be repeated as a crack grows. Simplified closure models (for example, based
on the Dugdale model) are available to reduce that computational burden, but their applicability

is currently limited to simpler crack geometries, such as center-cracked sheets.

The superposition approach has the distinct advantage for use in design analysis, requiring the
calculation of stress intensities by using established methods of LEFM. However, since it is
based on elastic analysis, it lacks the ability to account for the influence of possible changes in

residual stress fields induced by service loadings, before a crack starts and as it grows.

o (Q) o (b) o (C)

Figure 2.8: Possible different crack profiles!3],

Three distinct crack profiles can usually be recognized (Figure 2.8):

a) the crack is completely open;
b) the crack tip is open while crack surfaces are partially closed; and
c) the crack is completely closed.
Whenever the crack is completely open (Figure 2.8a), the effective value of the SIF can be

easily obtained, in accordance with the superposition principle, as:

Ky =K

€l

appl + Kres (2-15)

According to Beghini and Bertinil?, if, under the action of external load and residual stresses,
the crack is not fully open and its surfaces close at some distance from the tip, then a non-linear

contact problem arises. The superposition principle no longer applies since the size of the
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contact area and the crack geometry both depend on the applied load; meaning that iterative

techniques are usually required to evaluate the SIF. This situation is typical of a crack within a

stress field whose sign changes, with the tip located in a tensile zone (Figure 2.8b).

Finally, if the crack tip is closed, which can occur when the crack itself is fully located within

a compressive stress field (Figure 2.8c), the SIF can be assumed to be simply equal to zero.

Partially closed cracks can be detected by non-linear contact analysis.

During a fatigue cycle, all of the three types of crack profiles can occur as the applied load

varies between its extreme values. The effective SIF cycle applied to the crack must then be

evaluated taking account of the non-linear contact effects.

The effective SIF range and R-ratio during a fatigue cycle are given by the following

relationships:

AK = KI* — Ko

R

min
Keff

eff = max
Keﬁ

(2.16)

(2.17)

Generally, the crack is completely open when the maximum load is applied and then, K~

can be evaluated simply by adding Kappi and Kres. With the minimum applied load, each of the

above outlined conditions can apply as a function of the actual residual stress distribution.

Then, the expressions can be rewritten as:

a) For cracks fully open at minimum load:

AK g =AK 1

min
_ Kappl + Kres
eff — Kmax

appl + Kres

b) For cracks partially open at minimum load:

AK, =K™ (K;;;j”I +K,,.)

appl — p
min
Kett

eff —
Kmax

appl + Kres

(2.18)

(2.19)

(2.20)

(2.21)
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min min min
where Ky >0 and Ky > Ko+ K.

c) For cracks fully closed at minimum load:

AK = K™ 4K (2.22)

appl
Ry =0 (2.23)

In general, tensile residual stresses yield positive Kres values that increase the applied stress
ratio, while compressive residual stresses yield negative Kes values and decrease the applied

stress ratiol%l,

Beghini and Bertinil?®! applied the weight function method (WFM) and FEM to analyse “back
face strain” (i.e. the strain acting on the back surface of the specimen, in the middle position)
vs applied load cycles for C-Mn microalloyed steel welded specimens. The results showed the
presence of a significant “crack closure” effect. Such closure could be clearly identified by an

abrupt change in the slope of the strain-load curves (Figure 2.9).
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Figure 2.9: Back face strain (BFS) vs applied load cycle for welded specimen(?3],
Itoh et al.*® proposed a method for obtaining FCGR in a carbon-manganese-silicon steel and
an austenitic stainless steel which takes crack closure into account based on the effective stress

intensity range. They found that as the crack grows, the internal stresses must change to meet

the requirement of equilibrium on the crack line. It is clear that the residual stress at crack tip
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always remains positive even in the initial residual compression field. The decreasing trends of
crack tip stresses may be caused by re-distribution of the residual stresses as the crack grows.

There is a trend towards a decrease for the SIF with increasing crack length.

The FEM in conjunction with the MVVCCT was used by Servetti and Zhang?® for analyzing

FCGR in a residual stress field.

They adopted two approaches to input residual stresses into the FE model: inputting equivalent
initial displacements and inputting measured residual stresses. In the first method, initial
displacements were determined from measured residual strains in both the longitudinal and
transverse directions. These displacements were then inputted into the FE model as an initial
condition by a subroutine interfacing with the ABAQUS code. From these initially applied
displacements a distribution of residual stresses was imposed to the FE model. In the second
method, the measured residual stress distribution was inputted into the FE model using an
ABAQUS subroutine named SIGINI.
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Figure 2.10: Initial residual stress fields in the FE models by inputting either the
measured stresses or equivalent displacements and comparison with measured datal®7125],

The inputted residual stresses by both methods are shown in Figure 2.10 Directly inputting
residual stresses matched the experimental data better than inputting equivalent initial
displacements. Since each node must be constrained for the displacement input method, this
method cannot be used to model residual stress redistribution during crack growth. The stress
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input method is a better approach because the condition of the virtual work principle is satisfied

and the evolution of the residual stresses due to crack extension can be modelled.

The absolute value of Kres decreased monotonically with increasing crack length, as a
consequence of the progressive relaxation of the residual stress field due to the separation of

the body into two halves.

Recently, Liljedahl et al.B7l modelled the effect of the residual stresses on the fatigue crack
behaviour in middle tension M(T) and compact tension C(T) aluminium specimens. They used
two approaches: a crack closure approach where the effective stress intensity factor Kes was
computed, and a residual stress approach where the fatigue crack growth rate FCGR is
predicted by changes in R-ratio caused by the varying Kres. In particular, it was found that the
residual stresses accelerated the FCGR in the M(T) specimen, whereas they decelerated the
FCGR in the C(T) sample. This suggests that factors such as residual stress redistribution must
be accurately evaluated when designing damage tolerant structures based on laboratory

specimen data.

In high tensile residual stress fields, fatigue crack propagation properties are generally similar
for different applied stress ratio conditions under tensile load cycling. This similarity is due to
extremely high tensile stress ratio conditions at the crack tip which is always open during any
type of fatigue loading. Ohta et al. investigated how fatigue cracks behave differently under
highly compressive cyclic loading when they are in high tensile residual stress field*8l. They
found that fatigue crack propagation properties in tensile residual stress field under
compressive loading are similar to those under tensile loading. Only under highly compressive
cycling conditions (-100 MPa) did crack propagation rates decrease. In the experiment, fatigue

crack closure did not occur.

In summary, several researcherst?t?23l have questioned the validity of the use of
superposition for predicting fatigue crack growth behaviour through residual stress fields.
Some criticize it because the original uncracked body residual stress is used rather than a
redistributed residual stress after crack initiation and growth. They argue that tensile residual
stress will be reduced or even eliminated by crack growth and compressive residual stress must
then also reduce to maintain equilibrium. Parker[?? disagrees, stating that the redistribution of
residual stress due to crack insertion does not invalidate the superposition principle. Other
researchers!?! have pointed out that superposition is invalid when the crack faces contact. This
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is known to occur when a crack transitions from a compressive to a tensile residual stress
field,

Some researchers(“l4! accept that superposition is correct for linear elastic materials, but state
that the approach may lead to errors due to inelastic material behaviour. They argue that
residual stress can change due to plasticity at the crack tip, the insertion of a plastic wake behind
the crack tip, or due to cycle-dependent stress relaxation at the crack tip.

As summary regarding the two main methods (superposition and crack closure) for analyzing
FCGR in residual stress fields, it can be said that the first, proposed by Glinka?” and Parkerf??],
determines Reff to account for the residual stress effect, and it uses WFM or FEM for obtaining
Kres. The subsequent task is to calculate the FCGR by empirical laws. The most frequently used
are in the form of da/dN=f(AK,R). The Walker, Harter T-method, and NASGRO equation all
belong to this category. The second method, based on the crack closure concept originally
proposed by ElberHE2 calculates the crack opening stress intensity factor Kopen and then the
effective stress intensity factor range AKeff in @ combined stress field of the applied and residual
stress. For this second approach, some researchers calculate Kopen by empirical formulaef?31B5],
others use FEM™2,

2.5 DIGITAL IMAGE CORRELATION IN FATIGUE CRACK
GROWTH

Photoelasticity and interferometric techniques (for example, Coherent Gradient Sensing
(CGS), Moire Interferometry, the Electronic Speckle Pattern Interferometry (ESPI), and the
Digital Speckle Photography) can measure surface deformations in real time, but they require
extensive surface preparation, for example, Moire Interferometry involves transferring of
gratings, CGS the preparation of a specularly reflective surface, and reflection photoelasticity
requires preparing birefringent coatings. In comparison the Digital Image Correlation (DIC)
method with white light illumination is a very useful tool due to the relative simplicity of the

approach!*3,

In the DIC technique, random speckle patterns on a specimen surface are monitored during a
fracture event. These patterns, one before and one after deformation, are acquired, digitized,

and stored. Then, a sub-image within the undeformed image is chosen, and its location in the
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deformed image is sought. Once the location of the sub-image in the deformed image is found,

the local displacements can be readily quantified.

One of the first applications of DIC technique to fatigue crack propagation was done by
Dawicke and Sutton*, They used it to analyse the critical crack tip opening angle (CTOA)
values during stable tearing of 2.3 mm thick sheets of 2024-T3 aluminum alloy.

By applying two-dimensional and three-dimensional image correlation methods, Sutton et
al.[*! carried out an investigation focused on obtaining experimental data for both the surface
strain fields and the critical CTOD in thin sheet 2024-T3 aluminum under predominantly
tensile loads. The work was then expanded to include CTOD measurements under mixed mode

loading and to the study of crack closure effects.

One method for determining when the effects of crack closure have been eliminated is to
measure the Crack Opening Displacement (COD) at positions behind the crack tip. When the
slope of the load-COD curve shows a large reduction during the loading portion of the load
cycle, the crack is assumed to be fully open and the crack tip region experiences the full effect
of the applied load. As indicated in Figure 2.11, the measured COD curves at two locations
behind the crack tip clearly show a sharp change in slope, corresponding to the elimination of

crack surface contact behind the crack tip.
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Figure 2.11: CTOD vs Load for two distances behind the crack tip[*°l,
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Later, Doquet and Pommier!*®! used High-Resolution DIC to characterize crack propagation in
a ferritic-pearlitic steel used for railway applications and subjected to the steel to sequential

mixed-mode tests (tension-reversed torsion).

Kirugulige et al.*¥l used DIC to study crack growth in edge cracked beams subjected to impact
loading. The COD was then analyzed to obtain the history of failure characterization parameter,
namely, the dynamic stress intensity factor. Figure 2.12 shows four examples of the speckle

pattern images selected from the deformed set.

Figure 2.12: Acquired speckle images of 31x31 mm? region at various points in time
during crack formation; the current crack tip location is shown by an arrow!“3l.

Recently, Hamam et.al.[*”l and Lopez-Crespo et.al.[*¥l applied the DIC technique for evaluating
the SIF in centre-cracked tension (CCT) specimens. Lopez-Crespo et.al.l*! also used DIC to
evaluate crack closure (in Al 7010 T7651 alloy) and the effect of crack-tip plasticity on stress
intensity field (in Al 2024 T351 alloy).

De Matos and Nowell®% investigated the influence of specimen thickness on plasticity induced
closure behaviour and on fatigue crack propagation. Fatigue crack propagation in aluminium
alloy 6082 T6 was measured optically using a microscopy and a video camera with a translation
stage (Figure 2.13). Crack closure was assessed using traditional compliance techniques (clip
gauge and back face strain gauge) and DIC methods. It is thought that plasticity induced closure

has the most significant effect over the majority of the propagation life.
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It was also found that fatigue cracks propagate faster in thick specimens rather than in thinner
specimens. This effect seems to be related to the development of different levels of crack
closure for each specimen thickness. The procedure described to measure closure using DIC is
efficient and seems to be a good alternative to conventional surface gauges, which measure
strain at a single location, often suffer damage as the crack propagates past them and are time

consuming to install.

Figure 2.13: Typical image used in Digital Image Correlation, showing pairs of points in
their original and deformed position[®,

Summarising, fatigue failure is a process of progressive fracture driven by the tensile residual
stress generated during welding. In order to analyse the fatigue strength in a welded joint is
necessary to calculate the value of K. Superposition and crack closure are the two main methods
for analyzing FCGR in residual stress fields. Superposition uses WFM or FEM for obtaining
Kres, Whereas crack closure method calculates Kcios for subtracting it from AKappi in order to

assess AKeg.

DIC is an advantageous method, in comparison to photoelasticity and/or interferometric
techniques, for measuring surface displacements in real time. The DIC technique has been
widely used for measuring the COD behind the crack tip in order to analyse the crack closure

effects.
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Chapter 3. EXPERIMENTAL METHODS

3.1 RESIDUAL STRESS MEASUREMENTS

The first stage of the project focused on the measurement of the residual stresses at surface of

the plate.

The material used was a SA508 Grade 3 Class 1 reactor pressure vessel steel, which is generally
supplied in a quenched and tempered condition. The typical mechanical properties for this kind

of steel are listed in Table 3.1.

0.2% vyield strength: 448 MPa
Tensile strength: 593 MPa
Elongation: 29%
Reduction of area: 74%
Charpy energy: 1381
Microhardness: 180-208 Hv

Table 3.1 Mechanical properties of SA508 Grade 3 Class 1 (SA508 Class 3 ~ASME-) at
room temperaturel®,

Before welding, the plates were stress relieved (so that any influence of machining stresses was
eliminated) by heating to 600°C for 2 h in a vacuum furnace (Francis et al.’?l). Two
180x120x20 mm? plates were subjected to gas-tungsten arc welding (GTAW) process along
their center line. As no filler material was added during the manufacture of the plates, so the
weld was autogenous. The welding line corresponded to the long-axis centerline at the surface
of the plate (Figure 3.1).

A preheat temperature of 150°C was applied, the welding voltage was between 11.0-11.5 V
and the welding current was held constant at approximately 220 Amps. The travel speed was
75 mm/min, which resulted in the heat input being around 2 kJ/mm. The plates were not

restrained during welding.

In one of the autogenous plate samples, only a single weld pass was made. In the other, a second

identical weld pass was made in the exact same location.
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180

4,’ ’.; 4 mm thick
comb slice

Figure 3.1: A photograph of the plate prior to removal of a macrograph slice at location
shown for an experiment carried out by Francis et al.[®%l. The welding direction was from
right to left.

The welded plates were provided in the conditions expressed above, and already cut to a

dimension of 143x120x20 mm?3.

The measurement of the residual stresses was undertaken by X-Ray Diffraction in the PROTO
equipment, by using the sin®y method. In the experiment, the material was considered as having
a body-centered cubic (BCC) crystal structure and the measurement was oriented in the
crystallographic plane {hkl}{220}, the used X-Ray tube was Cr_Ka of wavelength 2.291 A,

In the first phase of the process the plates were analysed in the as received condition, residual
stresses were measured at the surface along the weld seam and along the adjacent HAZ in both
longitudinal and transversal directions. Later, the steel plates were ground and polished by hand
and the residual stresses were measured again at the same points, which are showed in the
Figure 3.2.

In a second phase of residual stress measurements, an end of both plates was cut by an abrasive
disk for eliminating possible effects related to redistribution/relaxation on residual stresses
and/or hardening caused by the initial cutting of the plates. The amount of material removed
during this process was 2.5 mm, then the plate thickness was subjected to a grinding and
polishing process in which another 0.5 mm of material were removed, therefore 3 mm of plate
thickness was removed in total. Unlike the first experiment, in this one the measurements were

carried out in the transversal direction to the weld seam and along thickness (Figure 3.3).
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Figure 3.2: Measurement points along weld seam and HAZ for both directions:
longitudinal and transverse.

Dimension: mm

Measurements at surface
every 5 mm

Measurements along
thickness every 3 mm

Figure 3.3: Measurement locations in plate cut by abrasive disk. Were removed 3 mm of
material from the plate thickness: 2.5 mm by abrasive disk cutting and —afterwards- 0.5
mm by grinding and polishing processes.
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DIMENSIONS: mm

Figure 3.4: Sample extracted from one weld plate, and electropolished showing the
measurement points (dimensions in mm).

Lastly, a 20x20x50 mm? specimen was cut from the one run of weld plate, and a third series of
residual stress measurements was carried out on that sample (Figure 3.4). In this case, the
sample was subjected to an electropolishing process in which 85 um of material was removed
from surface and thickness. Perchloric acid (8%) in glacial acetic acid at 50 V was used for

electropolishing.

3.2 FATIGUE TEST

Two essential requirements of the fatigue test had to be satisfied: to initiate the crack by fatigue
loading, avoiding the failure of the specimen by yielding, and to locate the crack initiation point
on the weld seam (tensile residual stress field). A standard four point Single Edge Notch Bend
(SENB4) was the specimen chosen for fulfilling these conditions (Figure 3.5).

An Excel worksheet was developed in order to design the SENB4 fatigue specimen. The main
variables to consider were the maximum load (Loadmax), beam thickness (t), stress ratio (R) and
the residual stress (ores). The specimen design was based on the Goodman diagram, and
followed the established rules by BS ISO 12108: 200254, The effect of the residual stresses
was superimposed on the mean stress and the following expressions were applied in order to

relate the stress amplitude to the residual stress:
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Dimensions in mm
Cutting of SENB4 specimen

in transversal to the weld
direction
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Figure 3.5 : Geometry of SENB4 fatigue specimen.
(O-amp)res =0, {1_ O-mea”—mresj (3.1)
O-U
(Gamp)max = O-yp ~Otes ~ Oean (3.2)
(O-amp)max = Omax ~ Omean (3.3)

where o is the endurance limit, oy is the ultimate stress and oyp the yielding stress.

The values of o, and ayp were obtained from Lee and KimP whereas the value of 7.=360 MPa

was extracted from Fukuoka et al.[%9,

In order to make sure that the element failed due to fatigue and not by yielding, it was necessary
to place the R=0.1 point in the fatigue zone (upper area between the fatigue limit and the yield

limit lines of the Goodman Diagram), however, since the fatigue limit (oe = 370 MPa) and the
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yield limit (oyp = 450 MPa) are similar, this was not possible due to narrowness of the resulting
area; the inclusion of the residual stresses in the analysis was prevented because of the same
problem. As the design of the specimen was based on the flexure theory, the tensile zone was
superpositioned with the tensile residual stress zone generated by welding, which enhanced the

likelihood of crack initiation and propagation at the specimen surface.

The SENB4 specimens were cut by wire electrical discharge machining (EDM), and a notch
of 1 mm deep was made at the centre of the weld (zone of tensile residual stress) by the same
method in order to ensure fatigue crack initiation at this location. The EDM process was chosen
because of its little influence on the residual stress distribution of the final product since
introduces significantly lower residual stresses on the workpiece than that obtained by
conventional machining®®I71. For the analysis of residual stress, it was important that no

redistribution or relaxation of residual stresses occurred.

Normally, in a standard fatigue test, fatigue crack growth rate (FCGR) changes due to the
variation of the applied stress intensity factor range (AKappi). In this case, varying residual
stresses as a consequence of crack growth means that a number of factors were changing
simultaneously. It is therefore difficult to determine the role of residual stresses on FCGR in
detail. Due to this, a non-standard tension-tension fatigue test was carried out at room
temperature on a high-cycle servo-magnetic fatigue machine (Amsler Vibrophore). During the
test, the load was decreased to keep AKappi coOnstant as a function of crack length with the aim
of exactly determine the role of residual stresses on fatigue crack growth. At every 0.5 mm of
crack extension the high-frequency test was stopped for two reasons:

1) To apply a slow load cycle, allowing a series of digital images to be taken during a
complete single cycle, and

2) To decrease the applied loads in order to keep AKappi CONStant.

According to BS 1SO 12108:200254, the applied stress intensity factor range AKappi for the
SENBA4 specimen was calculated by means of:

AK = ——g (=) 10" (3.4)

where g(a/W) is defined as:

g(%) _ Bm [0.923+0.199(1—sin9)4] (3.5)

cosf
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where 8 = % radians; the expression is valid for 0<a/W<1, where a is the crack length and W

is the specimen width.

Prior to testing, the samples were electropolished and pre-cracked to 1 mm, so the total length
of the initial crack was a = 2 mm (1 mm of the notch plus 1 mm of the pre-crack). The notch
and the fatigue pre-cracking were made according to the ASTM: E 647-00 standard®®l. Due to
the presence of tensile residual stresses in the first 4 mm through the thickness, it was so
difficult to control the crack growth during the pre-cracking stage and test; this led to the loss

of some specimens.

The electropolishing process had the objective of enhancing the monitoring of the crack
propagation by means of a travelling microscope. However it was not possible to observe the
crack propagation due to the conditions of the material surface and the lack of resolution of the
microscope. It was therefore necessary to stop the fatigue test every 20, 000 or 30, 000 cycles,
remove the sample from the fatigue machine, observe the crack extension by means of an
optical microscope, return the specimen to the fatigue machine and continue with the test. This

was the only way of monitoring and controlling the crack propagation.

The fatigue tests were carried out at three different R-ratios: R=0.1, R=0.3 and R=0.5. The range
of loads to generate the required R-ratio and to keep constant AKapp during the crack extension,

is summarized below.

a (mm) R=0.1 R=0.3 R=0.5
Fmin (KN) | Fmax (KN) | Fmin (KN) | Fmax (KN) | Fmin (KN) | Frmax (KN)
3.0 1.93 19.3 7.5 25 10.675 21.35
3.5 1.78 17.8 6.35 21.15 9.875 19.75
4.0 1.66 16.6 5.91 19.7 9.20 18.40
4.5 1.55 155 5.52 18.20 8.6 17.2
5.0 1.45 14.5 5.18 17.25 8.055 16.11
5.5 1.36 13.6 4.85 16.15 7.55 15.10
6.0 1.28 12.8 4.55 15.15 7.075 14.15
AKappi=26 MPavm AKappi=24 MPavm AKappi=16 MPavm

Table 3.2: Range of loads to generate the required R-ratio and to keep constant AKappi
during the crack extension a.
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The loading frequency was 100 Hz.

The relationship between the applied stress intensity factor range AKappi and the crack extension
ais displayed in the Figure 3.6. The fatigue testing was carried out maintaining AKappi constant
throughout all the crack propagation. The crack was propagated under the same R-ratio for a
pair of samples, the specimen with the more consistent results was taken as a basis to represent
such R-ratio in the subsequent DIC analysis. The AKapp Values linked to each R-ratio were:
26 MPavm for R=0.1 (F in the Figure), 24 MPavm for R=0.3 (B in the Figure) and 16 MPavm
for R=0.5 (I in the Figure).

From the Figure 3.6 also it can be seen that was difficult controlling the load for keeping AKappl
constant during the extension of the crack in the tensile RS zone, this generated by the
superposition of tensile loads present in the region. On the contrary, the control of the load for

the compressive zone was more straightforward.
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Figure 3.6 : Constant AKqpp during the crack propagation for each R-ratio.
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3.3 DIGITAL IMAGE CORRELATION ANALYSIS

During the fatigue test, at every 0.5 mm of crack extension the high-frequency test was stopped
and a slow load cycle was applied allowing a series of images to be taken during a single cycle.
The images were taken by means of a camera using the ISTRA 4D software by Dantec
Dynamics System, with a telephoto lens. It was necessary to use the telephoto lens because it
was not possible to set up the camera sufficiently close to the specimen, due to the position of

the Vibrophore test frame. As the analysis was in 2D, it was necessary to use a single camera.

The Q-400 system by Dantec Dynamics is an optical instrument for the full-field, non-contact
measurement of displacement and strain at a specimen surface. The system consists of two }5”
monochrome CCD cameras (1392x1040 pixels) with lenses made by Schneider Kreuznach
Germany, two high intensity LED illumination systems (HILIS) which provide a high intensity
light without heating the specimen surface and the software ISTRA 4D which controls the Q-
400 system!™¢% The experimental setup is shown in Figure 3.7 with Figure 3.8 showing the

assembly of the SENB4 specimen in the Vibrophore machine.

Figure 3.7: Set up of the Q-400 System ISTRA 4D. The figure shows the camera with the
coupled telephoto lens (at the front), the data adquisition system, and the travelling
microscope (to the right).
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Figure 3.8: Assembly of SENB4 specimen in the Vibrophore machine. The observation
area is the sprayed white zone at the centre of the specimen.

Several attempts to analyze the digital images obtained using the ISTRA 4D software were
made. However, due to the excessive rigid body motion, this was not possible. It was decided
to export the image files (in the HDF5 file format) to DaVis by LaVision software for analysis.
In the DaVis package, the digital images were correlated, and the displacement field in the

vicinity of the crack tip were obtained.

The observation window used for the image correlation was of 1392x1040 pixels. The cross-
correlation mode used was the integral approach, where correlation is relative to first image.
Multi-pass iteration was chosen, starting with a window size of 256x256 pixels, a weight of
1:1, and an overlap of 50% in 2 passes. The window size was decreased to 64x64 pixels, with
a weight of 1:1 and an overlap of 50% in 4 passes.

These conditions were a trade-off between the best resolution of the displacement vector field,

the minimization of the noise, and maximum allowable file size by the IMAN software.

Once had been obtained the set of displacements, these were exported as ASCII text (TXT)
files from DaVis software in to Excel. The Excel files are the only file format accepted by
JMAN software.
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The JMAN software is a program developed at The University of Manchester based on the J-
integral method. It is based on the Finite Element theory, and written in MATLAB. The
software allows measurement of the J-integral for a crack under load from digital images taken
by the DIC techniquel®162,

Also, the set of displacements obtained by DIC were used for quantifying the Crack Tip
Opening Displacement (CTOD) by means of a code written in MATLAB. This analysis was
developed with the aim of verifying the presence of crack closure during crack extension and
for characterizing the behaviour of the crack within both tensile and compressive residual stress

fields, at different R-ratios.

Finally, the Weight Function method was implemented for deriving the residual stress intensity
factor Kres. The Weight Function for SENB4 specimen is a function that can be used to calculate
stress intensity factor arising from the residual stress field as a function of the crack tip
position!®®®4 The Weight Function was calculated by approximating the residual stress as a
constant within each of the crack growth intervals, each bounded by extensions of 0.5 mm and
varying the integral limits within the function as the crack was growing. This function was
coded in MATLAB and FORTRAN (Figure 4.11).
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Chapter 4. RESULTS

4.1 RESIDUAL STRESSES

The aim of this part of the study has been to characterize the residual stresses induced in a pair
of ferritic steel plates after welding, to that effect, the X-Ray Diffraction has been chosen as

the measurement technique.

4.1.1 RESIDUAL STRESSES RESULTS

The results obtained from the residual stress measurements performed to the “single weld pass”
and “2 pass weld” steel plates, at their surface along the weld seam and along the adjacent Heat
Affected Zone (HAZ), as shown in Figure 3.2, for the “as received” and “ground and polished”
conditions, are shown in Figures 4.1 (measurement in longitudinal direction) and 4.2

(measurement in transverse direction).

The charts show that in all cases the longitudinal and transverse stresses found are in
compression (except for the stresses measured along the weld seam on the plate with 2 pass
weld, in the “as received” condition in transverse direction), the stresses generated at HAZ
show higher compressive values (from -400 MPa to -500 MPa in longitudinal direction and
from -250 MPa to -500 MPa in transverse direction) than the residual stresses measured along
the weld seam.

Neither the number of runs of weld (one or two) nor the condition of the plate surface (as
received, or ground and polished) seem to have an influence on the residual stress distribution
obtained, with the exception of the aforementioned case, where the second run of weld induces
a tensile residual stress of approx. 350 MPa at the weld seam of the plate originally under

compressive residual stresses.
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LONGITUDINAL DIRECTION

------- AS REC., 1 RUN, WELD
------- AS REC., 1 RUN, HAZ
——ASREC., 2 RUN, WELD

——ASREC., 2RUN, HAZ

RESIDUAL STRESS (MPa)

------ POLISHED 1RUN WELD
---%--- POLISHED, 1RUN, HAZ

—— POLISHED 2RUN WELD

—=— POLISHED, 2RUN, HAZ

DISTANCE ALONG SEAM WELD (mm})

Figure 4.1: Longitudinal residual stresses measured at surface along the weldline.

TRANSVERSAL DIRECTION

——————— AS REC., 1RUN, WELD
——————— ASREC., 1RUN, HAZ

—— ASREC., 2RUN, WELD
—— ASREC., 2RUN, HAZ

---e--- POLISHED 1RUN WELD
- POLISHED, 1RUN, HAZ
—e— POLISHED 2RUN WELD
—=— POLISHED, 2RUN, HAZ

RESIDUAL STRESS (MPa)

DISTANCE ALONG SEAM WELD (mm)

Figure 4.2: Transversal residual stresses measured at surface along the weldline.

For having a more complete distribution of the residual stresses on the plates but, mainly, for
evaluating the magnitude of the transverse residual stresses present along the thickness, since
these will be the cause of the opening or the closure of the crack during the fatigue testing, a
second series of measurements was performed in the cut and ground/polished plates, in
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transverse to the weld seam direction and along the thickness, as shown in Figure 3.3. The
results for this set of measurements are displayed in Figures 4.3 to 4.6.

LONGITUDINAL DIRECTION

1 PASS OF WELD

------ 2 PASSES OF WELD

RESIDUAL STRESS (MPa)

DISTANCE FROM WELD CENTERLINE (mm)

Figure 4.3: Longitudinal residual stress distribution after cutting an end of the plates.
The measurement was made in transverse to the weld seam.

TRANSVERSAL DIRECTION

1 PASS OF WELD

------ 2 PASSES OF WELD

RESIDUAL STRESS (MPa)

DISTANCE FROM WELD CENTERLINE (mm)

Figure 4.4: Transverse residual stress distribution after cutting an end of the plates. The
measurement was made in transverse to the weld seam.
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NORMAL DIRECTION

1 PASS OF WELD

2 PASSES OF WELD

RESIDUAL STRESS (MPa)

DISTANCE ALONG THICKNESS FROM TOP SURFACE (mm)

Figure 4.5: Normal residual stress distribution after cutting an end of the plates. The
measurement was made through the thickness.

TRANSVERSAL DIRECTION

1 PASS OF WELD

2 PASSES OF WELD

RESIDUAL STRESS (MPa)

DISTANCE ALONG THICKNESS FROM TOP SURFACE (mm)

Figure 4.6: Transverse residual stress distribution after cutting an end of the plates. The
measurement was made through the thickness, in the transverse to weld direction.
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According to Figures 4.3 to 4.6, the upper surface and the thickness of the plates are under
compression, the effect being greatest (-200 MPa to -400 MPa) at the surface and transverse
direction through the thickness. Although the measurement is made through the thickness, at
the normal direction, it also yields compression values (0 MPa to -140 MPa), these values are
low in comparison to those obtained at the surface and transverse direction through the

thickness.

The second run of weld has no influence on the residual stress distribution at the surface and
through the thickness of the plates, except for the normal direction through the thickness, in
which the second run of weld introduces tensile stresses (approx. 50 MPa), decreasing the
compression effect and approaching the stress distribution towards a residual stress free state.

The surface stress state is not a reliable indicator of the bulk stress state of an element, this
being why the electropolishing process is absolutely essential for ensuring an accurate residual
stress distribution of the sample. Bearing this in mind, a 20x20x50 mm?® specimen was
extracted from the ground and polished single weld pass plate (see Figure 3.4), and a new series
of measurements was made at the surface in the transverse to weld direction. Afterwards, the
sample was electropolished and the measurements were carried out again at the surface in the
same points and along the thickness. The results for both series of measurements are shown in
Figures 4.7 to 4.10.

From the charts (Figures 4.7 to 4.10), the high compressive effects at the surface and along the
thickness before electropolishing is observed, and the noticeable contrast with the values found

barely 85 um below the surface and thickness after performing the electropolishing process.

Before electropolishing, and specifically at the plate surface on the weld seam, the measured
values were ores=-142 MPa for the longitudinal direction and cres=-148 MPa for the transverse
direction. After electropolishing, the measurements performed at the same points showed the
following values: ores=-6 MPa for the longitudinal direction and cres=-69 MPa for the transverse

direction.
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LONGITUDINAL DIRECTION

RESIDUAL STRESS (MPa)

DISTANCE FROM WELD CENTERLINE (mm})

—— SAMPLE

— ——ELECTROP

Figure 4.7: Longitudinal residual stress distribution measured transverse to the weld, for

the single pass weld sample before and after electropolishing.

TRANSVERSAL DIRECTION

RESIDUAL STRESS (MPa)

DISTANCE FROM WELD CENTERLINE (mm)

— SAMPLE

— — —ELECTROP

Figure 4.8: Transverse residual stress distribution measured transverse to the weld, in

transverse direction, for the sample before and after electropolishing.
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NORMAL TO WELD DIRECTION

— — —ELECTROP.
——PLATE

RESIDUAL STRESS (MPa)

DISTANCE ALONG THICKNESS (mm)

Figure 4.9: Normal residual stress distribution measured through the thickness, in
normal to the weld direction, for the plate before cutting and the cut sample after
electropolishing process.

TRANSVERSALDIRECTION

— — —ELECTROP.
——PLATE

RESIDUAL STRESS (MPa)

DISTANCE ALONG THICKNESS (mm)

Figure 4.10: Transverse residual stress distribution measured through the thickness, in
transverse to the weld direction, for the plate before cutting and the cut sample after
electropolishing process.

When measuring the residual stresses in the longitudinal direction (Figure 4.7), the peak
compressive stresses for both conditions, before and after electropolishing, occur immediately
outside the HAZ (oresright=-261 MPa and oresieti=-413 MPa for the sample before
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electropolishing, and ores-right=-328 MPa and oresei=-307 MPa for the sample after
electropolishing). For the transverse direction (Figure 4.8), the peak compressive stresses for
the sample before electropolishing are also located immediately outside the HAZ (Gres-right=-
262 MPa and ores-leti=-330 MPa); however, for the sample after electropolishing, this kind of
stresses arise within the HAZ (ores-right=-221 MPa and Gres-ler=-242 MPa).

There is no evidence of tensile stresses in the sample before electropolishing. In fact, the tensile
stresses emerge at the surface and along the thickness of the specimen after electropolishing,

showing a residual stress distribution closer to the one considered as typical for most of steels.

Regarding the measurements carried out along the thickness, the differences are also noticeable
between the residual stress distribution obtained for the specimen before and after

electropolishing.

Before electropolishing, the measured surface was under compressive stresses, these being
higher for the transverse direction with values of 6res~-270 MPa for the lower section and Gres~-
350 MPa for the upper section of the thickness (Figure 2.10). The upper section is the zone
closest to the weld seam (see Figure 3.4). The normal direction is also under compressive
residual stresses, but these stresses are lower than the abovementioned (ores=~-50 MPa for the
lower section of the thickness, reaching ores~-140 MPa at the seam weld), as is shown in Figure

4.9. There is no evidence of tensile stresses before electropolishing.

After electropolishing, the outlook changes. Now is possible to observe the peak tensile stresses
for the normal (cres=102 MPa located at the limit of the HAZ®) and the transverse directions
(ores=232 MPa located on the fusion zonel®¥), according to Figures 4.9 and 4.10, respectively.
The transverse direction also presents peak compressive stress (ores~-280 MPa found at the
limit of the HAZ). Whereas for the normal direction, the peak compressive stress is rather low
(ores=-50 MPa) and occurs at the base metal far away from the weld. In general, the residual
stress values obtained for the transverse direction are higher than those obtained for the normal

direction.

Finally, it is worth mentioning that the residual stress distribution measured along the thickness,
in transverse direction (Figure 4.10), was taken as a basis for the development of the project
since this residual stress field is the one that actually originates the opening and the closing of
the crack during the tests.
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4.1.2 RESIDUAL STRESSES DISCUSSION

For the generation and distribution of the residual stresses by welding at the plates, two
important and interrelated conditions were analysed: the number of weld passes (one or two)
and the plate surface conditions (as received, or ground and polished).

For the measurements performed along the weld, the number of passes of weld seems to have
influence only when the plate surface is in the “as received” condition. After the first pass of
weld, the plate surface undergoes high compressive stresses (ores~-350 MPa for the
longitudinal and ores~-300 MPa for the transverse directions, according to Figures 4.1 and 4.2);
it is tempting to try explaining this fact under the perspective of the solid-state phase
transformations that occur in ferritic steels during welding, however, such as it will be
demonstrated later, this behaviour is rather the consequence of machining and cutting effects

not completely removed during the stress relief of the plates.

The SA508 is a bainitic steel meeting two important conditions for generating compressive
residual stresses in the weld and the HAZ: a lower transformation temperature and a displacive

transformation involving both a dilatational and a shear component[®2l,

During the first run of weld, the thermal expansion is greater in the weld and HAZ than in the
parent metal. Generally, for most steels, when the weld cools, the parent metal withstands the
contraction in the weld and HAZ generating tensile stresses in the weld and HAZ, and
compressive stresses in the parent metal. However, the behaviour of the ferritic steels, such as
SA508 Grade 3 Class 1, do not fit in the above description. These kinds of steels undergo a
solid-state phase transformation in the weld metal and HAZ during cooling. The thermal
contraction strain is counteracted and eventually overwhelmed by the transformation strain,
leading to a pronounced reduction in tensile stresses. Even if the transformation temperature
lowers enough, there may be no scope for the accumulation of contraction stresses once the
phase transformation is completed, and the presence of compressive stresses in the weld and

HAZ is highly probable under these circumstances.

In addition, as reported by Murakawa et al.[%%], preheating the plate prior to welding also has
influence on the transformation temperature, by reducing the scope for the accumulation of
thermal contraction strains after the phase transformation ceases. In this project, the plate was

preheated to a temperature of 150°C, so the phase transformation temperature during welding
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could have been low enough to develop compressive stresses in the weld and HAZ after

cooling.

For some reason, during the second run of weld, the transformation temperature was not low
enough to counteract the contraction stresses, leading to the formation of tensile residual
stresses at the weld seam. Evidence of this is the high tensile residual stress present for the line
“as received, 2 passes of weld, measured at weld” in Figures 4.1 and 4.2, which is distinguished
due to its behaviour with respect to the rest of the lines. The transformation temperature is a
very important parameter that exerts influence on the formation of RS at weld, and in this
occasion the transformation temperature was higher than normal and could not counteract the
thermal contraction stress, leading to the mentioned result. Even the “polished, 2 passes of
weld, measured at weld” line for the same Figures also shows certain tendency towards the
tensile zone, even when the ground process induces higher compressive residual stresses at

surface.

This behaviour was also reported by Mark et al.[%®] for the same kind of steel in a three-pass
weld using a low carbon steel filler wire (SD3), and they ascribed such fact to a lower level of
dilution between the filler and the base metal during the third weld pass. However, in our case,
the weld was autogenous (without the application of filler), suggesting that the presence of
tensile residual stresses along the weld after the second pass of weld, for the plate in the “as
received” condition, also could be a consequence of the annealing effect occurred during the
second run of weld. Annealing can relieve internal stresses by modifying the effective
accumulated plastic strain, as well as refine the microstructure of the weld metal(®”l, which

originates variations in the residual stress distribution between the different passes of weld.

The abovementioned is only applicable when the measurement is performed along the weld
and the plate is in the “as received” condition. The HAZ for this plate as well as the weld seam
and the HAZ for the “ground and polished” plate present a different behaviour in comparison

with the previously analysed weld seam at the “as received” plate, as discussed below.

In general, the residual stresses measured along the HAZ yielded higher values in compression
than those obtained for the measurement along the weld. This can easily be ascribed to the
annealing effect, which is stronger in the weld than in the HAZ. Proof of this is the decrease
(slight for the longitudinal direction and more noticeable for the transverse) of the compressive
stress values for the “as received, 2 runs of weld, at HAZ” line with respect to the “as received,

1 run of weld, at HAZ” line (see Figures 4.1 and 4.2). Although there is also the possibility that
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the measurement points (see Figure 3.2) have not been exactly located on the intercritical HAZ
region, but rather in the boundary of the parent metal, the zone more conducive to the
development of compressive stresses due to the expansion (during welding) and the contraction
(when the weld cools) of the HAZ.

The study of both plates (single weld pass and 2 pass weld), after grinding and polishing,
showed a similar trend than that of the plates in the “as received” condition: compressive stress

values twice as high at the HAZ than at the weld. The reasons have been previously discussed.

As a general rule, the plastic deformation produced during grinding causes large compressive
stresses at the surface, whereas the generated heat leads to the formation of a slight tensile peak
just beneath it(®81%%, This is demonstrated by the results obtained from this experiment: higher
compressive values for each of the measured points at the “ground and polished” plate in
comparison with the same points measured at the plate in the “as received” condition. In other
words, the plastic deformation generated during grinding seems to be the source of the high

compressive residual stresses present at surface.

The only exceptions to the abovementioned are the measurements performed in longitudinal
direction at the weld and HAZ of the plate with single weld pass, whose values showed a stress
relaxation instead of the typical increase in compression. This may be due to the lack of control
of the grinding parameters since this process was made by hand, which might have caused
variations in the plastic deformation accumulated at surface, as well as different texture for
longitudinal and transversal directions, thereby yielding misleading results during the X-ray

diffraction measurements.

When measuring transversely to the weld seam, as shown in Fig. 3.3, the influence of grinding
effects is corroborated (see Figures 4.3 and 4.4). The second run of weld, again, seems to have
no effect on the residual stress distribution. The stress peaks located 5 mm away from the centre
of the fusion line rather suggest misleading values due to alterations on texture caused by

grinding.

From the analysis of the residual stress measurements along the thickness of the ground and
polished plates cut by abrasive disk, such cutting process and its role on the generation of

residual stresses should be addressed.

The analysis at the end (or analysis along the thickness) of the plates initially cut by abrasive

disk and later ground, showed a preferential direction for the formation of grinding residual
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stresses (ores~-250 MPa in the transverse direction whereas in the normal to the weld direction
the value barely was ores~-50 MPa). It is not clear to what extent this behaviour was influenced
by the cutting process, because although 0.5 mm of material were removed by grinding after
cutting, the real scope of the stress redistribution/relaxation, the hardening and the possible
alteration of the microstructure of the material due to the heat generated in the cut-off

operation[’ was not assessed.

The phenomena of the solid-state phase transformation at the weld and HAZ continue being
debatable even when the residual stress values at such regions are in compression. The values
linked to the cutting/grinding process at the weld and HAZ regions, which spans from 0 to 6
mm (see figures 4.5 and 4.6) are ores~-150 MPa for the normal to the weld and ores~-350 MPa
for the transverse directions. It should be mentioned that the annealing effect, generated by the

second run of weld was rather limited, allowing the relaxation of just 50 MPa for each direction.

The large transverse stresses found in the top 6 mm of the abovementioned figures, length
which precisely matches the fusion zone, leads to think in the influence of the coarse grain and
the intergranular strains generated during the welding process. According to Fitzpatrick et
al.l"!1, larger grain sizes mean fewer grains contributing to the diffraction peak as well as less
accurate peak location, which in combination with the intergranular strains can yield

misleading results.

At first glance, the high compressive stresses measured by X-ray diffraction at the surface and
along the thickness before electropolishing seemed to be the consequence of the solid-state
phase transformation phenomena, however, this was misleading, as it was demonstrated by the

measurements carried out after electropolishing.

The results obtained from the analysis of the 20x20x50 mm?® sample extracted from the ground
and polished “single weld pass” plate (Figure 3.4), after electropolishing, clarified the exact
influence of the solid-state phase transformation at the weld and HAZ regions and, mainly,
revealed the strong effect of the cutting and grinding processes on the residual stress
distribution.

Although tensile residual stresses were found at subsurface in the electropolished weld and
HAZ regions, these tensile peaks do not go beyond 100 MPa in both directions and the
transverse direction shows a clear trend towards compression, which is the result of a lower
transformation temperature during welding. The presence of a tensile value out of context

(ores=300 MPa) in the longitudinal direction as well as the asymmetric and variable residual
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stress distribution in the weld and the HAZ in both directions (Figures 4.7 and 4.8), leads to

think in misleading values due to the originated pitting during the electropolishing process.

The noticeable difference between the residual stress distribution before and after

electropolishing (Figures 4.7 to 4.10) highlights the strong influence of the grinding process on

the development of such stresses. Large compressive residual stresses at surface which

suddenly drop, approaching toward tension, just a few microns beneath the surface, is a typical

behaviour of the stresses generated during grinding©elel,

In conclusion, the obtained residual stress distribution could be affected by:

The applied measurement technique. X-ray diffraction is not a well suited method to
the measurement of macro residual stresses because the surface stress is often an
unreliable indicator of the body as a wholel™?,

The surface conditions. The surface condition represents a serious problem for the
evaluation of residual stresses by X-ray Diffraction:

if the surface is in the “as received” condition, the surface roughness essentially changes
the X-ray wave fields of the transmitted and diffracted beams inside the subsurface
regions of bulk samples, and thus influences the refractive properties of the investigated
sample area. On the other hand, the grinding process generates high compressive
residual stresses at surface which suddenly diminish barely a few microns underneath
it.

For all the abovementioned related to the unfavourable conditions of the surface, it was
highlighted the need of electropolishing the sample in order to obtain more reliable
results for the residual stress distribution in the specimen, however, the pitting
generated in the electropolished surface and the occurred residual stress relaxation
during the material removal by electropolish, can also be a source of error.

In addition, the surface may have been subjected to residual stresses not precisely
caused by welding, but rather generated by machining and grinding processes.
Although the plates were stress relieved before welding for eliminating any influence
of machining stresses, it might be possible that machining stresses were not completely
relieved.

The transformation temperature. The occurrence of solid-state phase transformation
is an undeniable fact for this kind of steel, however, the temperature at which occurs

such transformation is the key point for obtaining tensile or compressive residual stress
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distribution. So, the transformation temperature was not low enough to completely
counteract and, even, overwhelm the thermal contraction for generating, in this way,
transverse compressive stresses in depth at the fusion zone. In reality, the reached value
by the transformation temperature just partially counteracted the thermal contraction
decreasing, to a certain extent, the magnitude of the tensile stresses occurred
transversely in depth at the fusion zone after cooling. This hypothesis is based on the
work developed by Kundu et al.[®1 and on the FCGR curves generated for R=0.1, R=0.3
and R=0.5 (Figure 4.52). The FCGR curve for R=0.1 clearly exemplifies the transverse
RS distribution measured through the thickness, transverse to the weld direction (Figure
4.10): a higher crack growth rate (which coincides with the opening displayed by the
COD results) when the crack extends from a=3.0 mm to a=4.0 mm (tensile RS zone),
and a steeper decrement on FCGR (which is in agreement with the marked closure
shown by the COD results) when the crack propagates from a=5.0 mm to a=6.0 mm
(compressive RS region). Although to a lesser degree, R=0.3 and R=0.5 also agree with
the residual stress distribution aforementioned, exhibiting an increase on FCGR for the
tensile zone and a decrement on FCGR for the compressive region. This is not an
unexpected behaviour for the R-ratios since higher stress ratios (i.e. R=0.5) tend to
present limited or, even, not crack closure, while lower R-ratios (i.e. R=0.1) are more
prone to present higher levels of crack closurel™["], Finally, the behaviour of the R-
ratios confirmed, markedly for R=0.1 and moderately for R=0.3 and R=0.5, the presence
of tensile residual stresses for the “short” cracks (from a=3.0 mm to a=4.0 mm) and

compressive RS for the long cracks (from a=5.0 mm to a=6.0 mm).

4.1.3 RESIDUAL STRESS INTENSITY FACTOR, Kres.

In welded joint, the residual stress effect can be considered using the residual stress intensity
factor, Kres"®). Kres is required in the prediction of FCGRL™,

In this project, the Kres values along the crack extensién was obtained by applying the Weight

Function method. The WF for SENB4 specimen is quite a simple function and it can easily be
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The Kres prediction linked to the residual stress distribution shown in Figure 4.102, is displayed

below:

VARIATION OF Kres

25

MATLAB

20

[EEY
(6]

Kres (MPavm)
)

(%]

Crack Extension "a" (mm)

Figure 4.11 Residual stress intensity factor, Ky, along the crack extension obtained by
the Weight Function method.

The results obtained by MATLAB software and FORTRAN code are very similar.

According to MATLAB software, the peak Kres value matches with the peak tensile residual
stress value (at a=3.5 mm) and the Kres curve steeply decreases as the compressive residual
stress field is reached, all this following the same trend shown by the X-ray diffraction

results.

On the other hand, the FORTRAN code predicts a peak tensile values 0.5 mm beyond than
the MATLAB does it. This is in agreement with the behaviour of the COD results which

show more opening for the same interval in where FORTRAN exhibits tensile peak values.

2 The significance of the RS distribution shown in Figure 4.10 consists in that this RS field is the one that
actually originates the crack opening and crack closure during fatigue testing.
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4.2 DIGITAL IMAGE CORRELATION ANALYSIS
The obtained snapshots during the fatigue test were analysed and turned into displacement and

strain fields by means of the Digital Image Correlation software. Below (Figure 4.12) some
chosen raw images are displayed in order to show the crack behaviour under maximum load,
for the three stress-ratios R=0.1, R=0.3 and R=0.5, and for the crack growing in the three
possible scenarios: a tensile residual stress field (upper images), a residual stress free field

(middle images) and a compressive residual stress field (lower images).

At first glance, all the cracks seem to be closed, even when the tensile residual stress is
superposed to the applied load, except for the image related to the long crack when a=7.0 mm
and R=0.5 which, although —paradoxically- is growing in a compressive residual stress field
(ores=-290 MPa), evidently is totally open. So, this leads to a preliminary hypothesis which
should be corroborated by JMAN and Crack Opening Displacement (COD) methods, that the
stress-ratio R plays a preponderant role in the crack closure/opening phenomena.

T

a=3.0 mm, R=0.1 a=3.0 mm, R=0.3 a=3.0 mm, R=0.5
TENSILE ZONE TENSILE ZONE TENSILE ZONE

T

a=4.5 mm, R=0.1 a=4.5 mm, R=0.3 a=4.5 mm, R=0.5
R.S. FREE ZONE R.S. FREE ZONE R.S. FREE ZONE

a=7.0 mm, R=0.1 a=7.0 mm, R=0.3 a=7.0 mm, R=0.5

COMPRESSIVE Z. COMPRESSIVE Z. COMPRESSIVE Z.
Figure 4.12: Raw images showing the crack behaviour under maximum load, at different
stress-ratios and under different residual stress conditions.
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Next, from the Digital Image Correlation analysis, the maps of displacements and maximum
normal strains when the crack reaches the peak values of tension and compression of the

residual stress, for the stress ratios R=0.1, R=0.3 and R=0.5, were obtained.

First, the images corresponding to the tensile peak value ores=230 MPa (see Figure 4.10) when

the crack reaches an extension of a=3.0 mm, are displayed (Figures 4.13, 4.14 and 4.15):
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Figure 4.13: Displacements and maximum normal strains for a=3.0 mm, 61.s=230 MPa
and R=0.1, from minimum load (upper maps) to maximum load (lower maps).
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Figure 4.14: Displacements and maximum normal strains for a=3.0 mm, 6+.=230 MPa
and R=0.3, from minimum load (upper maps) to maximum load (lower maps).
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Figure 4.15: Displacements and maximum normal strains for a=3.0 mm, 6r=230 MPa
and R=0.5, from minimum load (upper maps) to maximum load (lower maps).
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Figure 4.16: Displacements and maximum normal strains for a=6.0 mm, 6res=-280 MPa
and R=0.1, from minimum load (upper maps) to maximum load (lower maps).
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Figure 4.17: Displacements and maximum normal strains for a=6.0 mm, ors=-280 MPa
and R=0.3, from minimum load (upper maps) to maximum load (lower maps).
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Figure 4.18: Displacements and maximum normal strains for a=6.0 mm, cres=-280 MPa
and R=0.5, from minimum load (upper maps) to maximum load (lower maps).

Above, in the Figures 4.16, 4.17 and 4.18, the images related to the compressive peak value

ores=-280 MPa when the crack extends up to a=6.0 mm are shown.
In general, the crack growth tendency is higher as R-ratio increases.

For the small crack (a=3.0 mm), the presence of a slight closure or, at least, a delay in the crack
growth for R=0.1, even when it extends in a residual stress field with a maximum tensile value
(ores=230 MPa). The crack seems to extend beyond a=3.0 mm for R=0.5 logically driven by
the high tensile residual stress field.

For the long crack (a=6.0 mm), the occurrence of closure for R=0.1 is undeniable due to the
presence of high compressive stresses (ores=-280 MPa). However, the high opening found for
R=0.3 and R=0.5 even when the crack extension is developing in a field with high compressive

stresses was unexpected.

So, in conclusion, the opening or closure of the crack is mainly controlled by the R-ratio and

not by the stress field (tensile or compressive) in which such crack is growing.
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4.3 IMAN METHOD

Once the displacements field is obtained by means of Digital Image Correlation, the set of
values is re-arranged in EXCEL files in order to enter the data to the JMAN routine. The

obtained Kjwman are displayed in the next section.

4.3.1 IMAN RESULTS
A comparison between AKappi and AKjman, for each R-ratio is shown below.
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Figure 4.19: Variation of AKappi and AKaman as a function of load for a=3.0 mm.
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Figure 4.20: Variation of AKapp and AKsman as a function of load for a=3.5 mm.
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a=4.0 mm, ores=90 MPa
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Figure 4.21: Variation of AKappi and AKaman as a function of load for a=4.0 mm.
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Figure 4.22: Variation of AKappi and AKaman as a function of load for a=4.5 mm.
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a=5.0 mm, ores=-100 MPa
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Figure 4.23: Variation of AKappi and AKsman as a function of load for a=5.0 mm.
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Figure 4.24: Variation of AKappi and AKaman as a function of load for a=5.5 mm.
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a=6.0 mm, ores=-280 MPa
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Figure 4.25: Variation of AKapp and AKsman as a function of load for a=6.0 mm.

The charts showed in Figures 4.19 to 4.25 were plotted based on the trends obtained from the
JMAN results. The JMAN results present considerable scatter, mainly at the starting and
finishing of the fatigue cycle. Due to the abovementioned, apart from the high noise level on
the results at the start of the fatigue cycle, was extremely difficult to obtain reliable information
about the crack closure by the JIMAN method. It just was possible to obtain the trends which
show higher or lower values for Kyman in relation to Kappl, depending on whether the crack

extends in the tensile or in the compressive residual stress field.

As the method is highly dependent on the chosen mask, during the analysis of the set of
displacements the plasticity zone showed by the software was avoided as far as possible. The
contour mask was changed for every load step and a pair of out of context values were
eliminated for every curve. The best trends obtained are precisely those shown in the above

figures.

From the Figures 4.19 to 4.25, it can be noticed that Kywan curves are lined for the three R-
ratios, which indicates no occurrence of crack closure. The only clear result is the decreasing
trend of Kyvan for R=0.1 and the increasing tendency of Kyvan for R=0.3 and R=0.5 for each
one of the crack extensions analysed. This latter suggests that the crack under R=0.1 will
present less opening than that predicted for Kappi, Whereas the cracks under R=0.3 and R=0.5
will display more opening than that calculated for Kappi, regardless of the residual stress field
in which the crack is propagating.
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From the use of the JMAN method, two important points can be drawn:

The von Mises stress maps obtained for the first load steps present excessive noise,
which makes it impossible to establish the occurrence or not of crack closure at the start
of the fatigue cycle.

The von Mises stress results are affected by gross plasticity during the second half of
the fatigue cycle, which prevent reliable results being obtained for Kjman.

4.3.2 IMAN DISCUSSION

The JMAN method can be divided in two stages: from the loading of the displacement sets

generated by DIC up to the generation of the von Mises stress maps, and from the analysis of

the Von Mises stress maps up to the derivation of Kjman.

During the first phase, DIC plays an important role in the development of the JMAN method

since Kyman depends on the correct determination of the displacement field. DIC is a non-

contact full-field method which have numerous advantages for the experimental stress/strain

analysis, however, like all methods, it also have some drawbacks such as:

1.

2.

The results of the analysis are closely related to the quality of the speckle pattern on the
specimen surfacel”®. An unsuitable speckle pattern is likely to make the correlation
impossible at some facets, reducing the number of measurement pointst™.,

A calibration process should be employed to compensate for the errors associated with
the off-axis optical setup.

The CCD detector must remain parallel to the sample surface, since each out-of-plane
movement (translation or rotation) distorts the images(. If only rigid body translation
exists between the reference and deformed subsets, a single peak can be found in the
correlation coefficient distribution. In contrast, while a certain angle of relative rotation
occurs between the reference image and the deformed image, there will not be even a
single sharp peak in the correlation distribution map, and thus result in a failure in
integer pixel displacement searching["®l. To the aforementioned, we should add the out-
of-plane displacements of the specimen during loading!®.

Random errors affect the images acquired by the digital camera, such as excess noise

due to the CCD sensor and electromagnetic noise of the relative measurement chaint®,
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The presence of noise and plasticity during the JMAN analysis for the three different R-ratios,

is summarised in the following table:

a R=0.1 R=0.3 R=0.5
3.0 mm Noise Low Plasticity Low Plasticity
3.5 mm Noise, Low Plasticity
4.0 mm Plasticity Plasticity
4.5 mm Noise
5.0 mm Noise Plasticity Excessive Plasticity
5.5 mm Noise Plasticity Excessive Plasticity
6.0 mm Noise, Low Plasticity Excessive Plasticity

Table 4.1: Presence of noise and plasticity beyond the crack tip.

From the table 4.1, which is based on the stresses maps observed during the JMAN analysis,

the presence of noise is evident during the fatigue cycle throughout the crack propagation for

R=0.1. Although R=0.3 and R=0.5 do not present noise, both stress ratios show plasticity, in

R=0.3 to a small degree and to a high extent for R=0.5, mainly when the crack becomes long

(it extends beyond 5 mm) and it goes into the tensile zone.

The lack of reliable Kyvan results can be explained by each of the four abovementioned DIC

points:

1.

3.

Although the speckle pattern were improved, they were not perfect and this affected the
quality of the images and, consequently, the accurate estimation of the displacements.
The Q-400 Istra by Dantec Dynamics was used as optical setup for taking the images,
and the calibration was carried out with this equipment, for afterwards exporting the
images to the DaVis by LaVision software in order to do the image correlation process
(because it was not possible to correct the rigid body rotation in the Q-400 Istra
software). Although there were attempts for re-calibrating the images in the DaVis
software, it was not possible to do it. This fact could also have had influence on the
Kiman results.

Although attempts were made to eliminate the rigid body rotation via DaVis software,
the rotation was not eliminated totally; the out-of-plane motion is clearly visible in some
of the displacement maps generated by the software. The rigid body rotation was caused
by two facts:

The first is related to the constant placement and removal of the SENB4 specimen from

the fatigue testing machine, for verifying its crack growth in the electronic microscope.
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A travelling microscope was used with the intention of monitoring the crack extension
but the finishing produced during electropolishing impeded such action. As a
consequence of the aforementioned, there was no certainty about the parallelism
between the CCD detector and the sample surface.

The second fact is related to the load application (ranged from 2 KN to 22 KN) which
produced flexure in the SENB4 sample and, very likely, also rotation.

4. Without a doubt, the noise effect is evident for R=0.1, due to its higher stress amplitude
in comparison with R=0.3 and/or R=0.5. The presence of noise, in combination with
the poor IMAN performance when analysing the starting of the fatigue cycle, it avoided
the detection of crack closure.

Although the noise could have come from the CCD sensor of the camera, it also could
be ascribed mainly to the vibration generated during the Vibrophore testing machine
operation.

The operating principle of the Vibrophore machine is based on the concept of a
mechanical resonator with electro-magnetic drive. The dynamic load is generated
through an oscillating system working in full resonance modef®,

The second stage of the IMAN method (from the analysis of the stress maps up to the obtention
of Kiman) is clearly marked by the presence of excessive plasticity remote from the crack tip,
mainly when R=0.5 and the crack becomes long (beyond 5.0 mm, see table 4.1). Since the
presence of plasticity can be attributed to the bending strains induced in the SENB4 specimen
as a result of the applied fatigue load!®?, the expected behaviour was to have higher plasticity
during the first crack extensions (from a=3.0 mm to a=4.0 mm), during which the applied load
is higher, however, the behaviour was opposite: the excessive plasticity occurred at lower
loads, when the crack was beyond 5.0 mm (it should be taken into consideration that the load

was decreasing as the crack was growing, for keeping AK constant).

One explanation to this fact can be found by analysing the cross-section of the autogenous
weld, where the positions 5.5 mm and 6.0 mm are close to the boundary between the welded
metal and the parent metal interface, where plastic constraint may exist, such an effect may
have enhanced the presence of plasticity. Also, in this interface occurs a change in the grain

size (from coarse grain to a fine grain) and, beyond 5.0 mm, the crack extends in a compressive
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residual stress field. The correlation between the grain size and the residual stress field with

respect to the plasticity is an issue which should be dealt with in future work.

The code JMAN is an algorithm, coded in MATLAB, used for extracting J-integral from the
displacement field obtained by DIC. A serious limitation of the method is that only elastic
conditions are considered and, hence, the area contour elements for the calculation of J must
be located in an elastically deformed region. However, materials often exhibit plastic
deformation close to the crack tip, breaking the elastic conditions. Since J is a measure of a
global strain energy release rate, a contour can be taken around the crack tip, sufficiently far
from the non-linear zone, and valid global J results are still obtained®3. Nevertheless, in
presence of extensive plasticity, invariably the contour passes the plastic zone, generating a
path-dependent J-integral which will yield unreliable results®¥. In addition, when applying the
J-integral to the fatigue crack propagation analysis, caution should be taken when measuring
the minimum loads where the crack closure is important. Finally, with respect to the application
of the J-integral method to the analysis of stress intensity factors in residual stress fields, several
authorstIB8IE coincide in that the approach is not convenient for such applications due to its

path-dependence in residual stress field.

The previous paragraph clearly explains the reasons of the unsatisfactory JMAN results:
presence of residual stresses and plasticity far from the crack tip, and poor performance of the
JMAN software for evaluating displacements at the starting of the fatigue cycle; unfortunately,

the latter impeded the detection of crack closure for R=0.1.

Finally, the trend of the three curves representative of R=0.1, R=0.3 and R=0.5 show
consistency with respect to the published results for similar experiments, since at high stress
ratio (R>0.5) crack growth generally displays limited crack closure, while at low stress ratio
crack growth tends to exhibit higher levels of crack closurel™ (this was successfully
corroborated by the COD method), whereas an increase in R results in an increase in crack

propagation!l.
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Figure 4.26: SENB4 specimen and DIC observation window where the residual stress
distribution along the crack is showed.

4.4 CRACK OPENING DISPLACEMENT METHOD

The same set of displacements obtained by the DIC technique, re-arranged in EXCEL files and
previously used by the IMAN method for obtaining Kiman, were utilised by a MATLAB routine
for measuring the crack opening displacement (COD) at specified distances from the crack tip.

Once the displacements set was imported to the MATLAB routine, a contour map of the
horizontal displacements field (Ux) was obtained (Figure 4.27). Based on this map, a pair of

points in the wanted location were chosen. Care was taken to locate the measurement points
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properly close to the crack path, if not (i.e. if the measurement points are placed far from the

crack path) there is the risk of analysing strains instead of displacements.

3 4 5 6 7 8 9 10 11 12

Figure 4.27: Displacements map in x-direction (Ux) showing the COD measurements
points (white rectangles) for a=4.5 mm and R=0.3. Dimensions in mm.

In this method, unlike the traditional technique that uses clip gages at the mouth of the
machined notch for inferring the COD, the opening can be directly measured at any point
behind the crack tip. For this project, all the reported COD values were measured 0.5 mm
behind the crack tip.

After inputting the value of the measurement points in the MATLAB routine, a set of COD
values for each load step during the loading fatigue cycle was plotted (Figure 4.28). The

maximum COD was extracted from the curves as is shown in Figure 4.28.
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Figure 4.28: COD measurement. Each curve represents a load step. Dimensions in mm.

81



4.4.1 COD RESULTS
Due to their dissimilar behaviour, the COD results for R=0.1, R=0.3 and R=0.5 will be analysed

in different sections. Firstly, we will start with the analysis of R=0.1.

4.4.1.1 R=0.1 COD RESULTS
The values of crack opening displacement obtained by MATLAB Code from the displacement

field generated by DIC, for R=0.1, in function of the load are plotted in the charts below.
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Figure 4.29: COD measured in the peak tensile residual stress field. R=0.1, a=3.0 mm.
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Figure 4.30: COD measured in the tensile residual stress zone. R=0.1, a=3.5 mm.
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Figure 4.31: COD measured in the tensile residual stress zone. R=0.1, a=4.0 mm.

In the Figures 4.29, 4.30 and 4.31 can be seen the COD values as the load increases during the
loading fatigue cycle, while the crack extends in a tensile residual stress field. In this analysis,
the cracks extending from a=3.0 mm to a=4.0 mm will be considered as “short cracks”. Also,
a sketch of the crack for minimum, medium and maximum load, as the crack is growing, is

included.

Even when the crack is growing in a tensile RS field, it can be noticed the presence of crack
closure, mainly for the shortest crack a=3.0 mm (Figure 4.29), it which remains totally closed
during the first half of the fatigue cycle, after this the crack gradually starts to open, but this
opening starts 1 mm beyond the crack tip since the rest of the crack (from the tip up to 0.5 mm
behind the tip) remains closed during the whole cycle, such as is shown in the crack sketches.

It should be noted that this crack extends in the peak tensile residual stress field (ores=230 MPa).

Although the tensile residual stress field decreases for the rest of the short cracks (a=3.5 mm
and a=4.0 mm) shown in the Figures 4.30 and 4.31, the crack closure does not increase but
rather it is maintained. Both cracks also remain closed during the first half of the fatigue cycle,
similar to the shortest crack a=3.0 mm but, unlike this, the crack mouth opens more for a=3.5
mm and, in general, a=4.0 mm exhibits more opening than the rest of the “short” cracks. The

crack continues being closed up to 0.5 mm behind the tip during the whole cycle.
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Figure 4.32: COD measured in a residual stress free zone. R=0.1, a=4.5 mm.
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a=4.5 mm (Figure 4.32) is considered as a crack extending in a residual stress free zone and,

similar to the previously mentioned “short” cracks, it presents closure during the first half of

the fatigue cycle but opening for the rest of it. However the crack is not fully open, it remains

closed from the tip up to 1.0 mm behind of it, but open for the rest of the crack path.
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Figure 4.33: COD measured in the compressive residual stress zone. R=0.1, a=5.0 mm.
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Figure 4.34: COD measured in the compressive residual stress zone. R=0.1, a=5.5 mm.
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Figure 4.35: COD measured in the peak compressive RS field. R=0.1, a=6.0 mm.

Regarding the long cracks (these being considered from a=5.0 mm to a=6.0 mm) shown in the
Figures 4.33, 4.34 and 4.35, which grow in a compressive residual stress field; the crack

behaviour can be related to the residual stress field in which they are developing.

Starting with the analysis of a=5.0 mm (Figure 4.33), which is propagating in a compressive

residual stress field ores=-100 MPa, it can be seen that the crack remains closed during two
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thirds of the cycle and the opening, which happens in the remaining third, it begins 2.0 mm
behind the crack tip. The behaviour of a=5.5 mm and a=6.0 mm is according with the increment
of compressive residual stresses in the region exhibiting total crack closure during the whole
fatigue cycle. a=5.5 mm (Figure 4.34) gives a weak evidence of opening at the crack mouth at
maximum load, but this “opening” is so negligible that the crack can be considered as fully
closed during all the cycle. The crack closure is much more evident for a=6.0 mm (Figure 4.35)

since this crack is growing in a peak compressive residual stress field (ores=-280 MPa).

When comparing the opening levels of the set of short cracks growing in the tensile zone
against the long cracks developing in the compressive zone, it is reasonable to observe that
short cracks open much more than long cracks.

4.4.1.2 R=0.3 AND R=0.5 COD RESULTS

The results of COD versus applied load are plotted. Both R-ratios are analysed together due to

the similarity in their behaviour.

From the Figures 4.36 to 4.43, it can be observed that the influence of compressive residual
stresses is negligible on R=0.3 and R=0.5: the crack opens independently of the existence of

compressive residual stresses in the element.

According to Figures 4.36 and 4.37, at the start of the propagation (a=3.0 mm) the crack
behaviour for R=0.3 and R=0.5 is almost exactly the same, just a very slight closure in the first
load step occurs for R=0.3 (Figure 4.36); as the crack continues growing, there is greater
opening for R=0.5 in comparison with R=0.3 (see Figures 4.38 to 4.43). There is a noticeable
difference in the opening levels between both R-ratios when the crack reaches 6.0 mm of
extension (Figures 4.42 and 4.43). For the long cracks a=6.0 mm with R=0.3 and R=0.5,
extending in a high compressive residual stress field, there is no opening rise during the first

pair of load steps at the start of the fatigue cycle (Figure 4.43).
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Figure 4.36 COD measured in the peak tensile residual stress field. R=0.3, a=3.0 mm.
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Figure 4.38: COD measured in the tensile residual stress zone. R=0.3, a=4.0 mm.
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Figure 4.39: COD measured in the tensile residual stress zone. R=0.5, a=4.0 mm.
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Figure 4.40: COD measured in the compressive residual stress zone. R=0.3
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Figure 4.41: COD measured in the compressive residual stress zone. R=0.5, a=5.0 mm.

89



0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

CRACK OPENING DISPLACEMENT (mm)

R=0.3

A 0.5 mm BEHIND THE CRACK TIP
1.0 mm BEHIND THE CRACK TIP O

a=6.0 mm

0.0040

@ 2.0 mm BEHIND THE CRACK TIP

X-3:0 mm-BEHIND THE CRACK TIP

-0.0040

1 2
0.0040
0
-0.0040
X
X
S L 2
s ¢ T 4
- A A
6 8

10
LOAD (KN)

Ores=-280 MPa

o 1 2 3
0.0040
0 |
-0.0040
X
X
.
.
.
A A A
12 14

Figure 4.42: COD measured in the peak compressive RS field
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Figure 4.43: COD measured in the peak compressive RS field. R=0.5, a=6.0 mm.
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4.4.1.3 COD FROM a=3.0 mm TO a=6.0 mm FOR R=0.1, R=0.3 AND R=0.5.

Next, the COD values obtained for each crack extension for R=0.1, R=0.3 and R=0.5, and
measured at selected positions behind the crack tip, along its wake, are displayed. Since the
crack propagation under the influence of R=0.1 is the most affected by the residual stress field
and its opening/closure presents more complexity, it will be analysed for three different

positions behind the crack tip and in a smaller range for COD.
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Figure 4.44: COD measured 0.5 mm behind the crack tip, along the total crack
propagation, for R=0.1.

According to the Figures from 4.29 to 4.35, and considering as opened cracks only those with
COD>0.001 mm, it can be observed that the long cracks (a=5.0 mm to a=6.0 mm) remain fully
closed during their extension on the compressive residual stress field. The “short” cracks (a=3.0
mm to a=4.0 mm), which grow in the tensile residual stress field, invariably remain closed up
to 0.5 mm behind the crack tip during the whole fatigue cycle (see Figure 4.44). The opening
of these cracks is a slow process and occurs when the fatigue cycle is finishing, this when the
COD measurement is carried out 1.0 mm behind the crack tip (see Figure 4.45). For the
measurement carried out 2.0 mm behind the crack tip, it can be seen that the opening of the
crack is faster and it happens after having passed the half of the loading fatigue cycle (see
Figure 4.46).
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In general, R=0.1 shows just a very slight opening (Figure 4.46) in comparison with R=0.3

(Figure 4.47) or, even more, contrasting it vs R=0.5 (Figure 4.48). R=0.1 is the only stress ratio

which is affected by the residual stress field, generating total closure for the long cracks (a=5.0

mm to a=6.0 mm) growing in the compressive RS field during all the fatigue cycle. The

opening level present in the short cracks (a=3.0 mm to a=4.0 mm) which propagate in the

tensile RS field is very low too.
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Figure 4.45: COD measured 1.0 mm behind the crack tip, along the total crack

propagation, for R=0.1.
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Figure 4.46: COD measured 2.0 mm behind the crack tip, along the total crack

propagation, for R=0.1.
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Figure 4.47: COD measured 0.5 mm behind the crack tip, along the total crack
propagation, for R=0.3.
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Figure 4.48: COD measured 0.5 mm behind the crack tip, along the total crack
propagation, for R=0.5.

The stress ratios R=0.3 (Figure 4.47) and R=0.5 (Figure 4.48) show similar behaviour:

significant opening with a weak evidence of crack closure.
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The residual stress field does not seem to have influence on R=0.3 and R=0.5: the crack opens

independently of the existence of compressive residual stresses in the ligament.

In fact, as R increases, the crack driving force also increases and, thus, the crack opening
displacement rises as well. Also, at high R-ratios (i.e. R=0.5), the long cracks grow faster than
short cracks, even when long cracks are growing in a compressive RS field while short cracks
grow in a tensile RS field.

4.4.1.4 AKeit AND FCGR.

Taking data from the Figures 4.29 to 4.43 the load at which the crack starts to open, the
“CLOSURE LOADS” chart was plotted (Figure 4.49).
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Figure 4.49: Closure loads extracted from the COD results.
With this Figure as a base, the closure loads were linked to their inherent K (calculated by the

BS ISO 12108:2002, equation 3.4) during the crack propagation. The stress intensity factor this

way obtained was denominated Kcios, and is displayed in the Figure 4.50.

The Figures 4.49 and 4.50 exhibit the same trend for the three R-ratios: Kcios increases as the
crack leaves the tensile RS region behind and goes into the compressive RS zone, this for

R=0.1, whereas for R=0.3 and R=0.5 Kcios takes the value of 0 MPavm during almost all the
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crack extension and only slightly increases its value between 3.38 MPavm and 5.5 MPavm

when the crack reaches the peak compressive residual stress value.
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Figure 4.50: K¢ios for R=0.1, R=0.3 and R=0.5.
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Figure 4.51: AKefs for R=0.1, R=0.3 and R=0.5.
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The effective stress intensity factor range AKest for every crack extension was calculated by
subtracting the Kcios value from AKappi Values. The results are summarised in the Figure 4.51.
In this Figure it can be seen that, for R=0.1, AKef decreases as the crack becomes longer and
grows into the compressive residual stress field, making evident the presence of crack closure
such as had previously been demonstrated by the COD results. The analysis for R=0.3 and
R=0.5 indicates the non-presence of crack closure since AKeft=AKappl, the only exception is
when the crack reaches the peak compressive RS value (a=6.0 mm) it which generates a slight

decrement in the AKeg Value.

In the AKesr chart of the Figure 4.51, the AKqppi line for every R-ratio is included for a better
understanding of the closure/opening effects and their interrelation with the R-ratio and the

residual stress field.
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Figure 4.52: FCGR for R=0.1, R=0.3 and R=0.5.

Finally, the fatigue crack growth rate (FCGR) was also assessed. The Figure 4.52 shows the
variation on FCGR as the crack was growing in a RS field changing from tension to
compression, for each one of the three R-ratios. In the chart can be observed as the low R (R=0.1
in this case) is more affected by the residual stress field than higher R (i.e. R=0.3 or R=0.5).

R=0.1 displays a higher FCGR for the tensile zone and a steeper decrement on the FCGR for
the compressive region in comparison with R=0.3 and R=0.5, it which shows the high closure
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levels for the compressive zone of R=0.1. By contrast, R=0.3 and R=0.5 are not greatly affected
by the change in RS field, just a slight decrement in FCGR when the long cracks go into the
compressive RS zone. It is worth mentioning that the behaviour of R=0.3 and R=0.5 is very

similar and almost linear since the fatigue testing was carried out under constant AKappi.

4.4.2 COD DISCUSSION
The FCGR behaviour for R=0.1 markedly differs from R=0.3 and R=0.5: R=0.1 shows hardly

any opening when the crack grows in the tensile residual stress zone, and total closure when
the crack develops in the compressive RS zone, whereas R=0.3 and R=0.5 do not show
evidence of crack closure (except when the crack reaches a=6.0 mm), just an increasing

opening which is steeper for R=0.5.

The differences in FCGR behaviour for the abovementioned R-ratios can be the consequence
of the influence of the mean stresses, generated by the tensile fatigue loads, on the crack closure
phenomena inherent to the crack propagation. Grain size may also be an important factor which

will be addressed in this discussion.

44.21R=0.1
Firstly, analysing R=0.1 for the crack extending from a=3.0 mm to a=4.0 mm (Figures 4.29 to

4.31), it can be observed the presence of crack closure even when the crack extends in a tensile
RS field. This finding is not surprisingly since the closure can have its origin in, at least, three
sources: a) during crack growth, material is plastically strained at the crack tip, and due to the
restraint of surrounding elastic material on this residual stretch, some closure at the crack
surfaces occurs at positive loads (plasticity-induced crack closure)®, b) during cyclic crack
growth, contact shielding arises from the wedging action of fracture surface asperities
(roughness-induced fatigue crack closure)®, and c) during welding, the transformation from
an austenitic to martensitic phase, which occurs locally in the region around the crack tip,
involves a positive volume change, the constraint of surrounding untransformed material will

place such regions under compression (phase-transformation-induced crack closure)®%.

The cracks a=3.0 mm, a=3.5 mm and a=4.0 mm are affected by the two kinds of closure:
plasticity-induced crack closure, due to the compressive residual stress developed in the plastic
wake during the crack propagation, and roughness-induced crack closure, since the contact
shielding is promoted by low load ratios (R=0.1, in this case) and by coarse-grained
materialst®, and the cracks are extending in the weld metal which presents as a characteristic

the coarsening of its microstructure.
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In other ways, the crack extensions a=5.0 mm, a=5.5 mm and a=6.0 mm develop in a
compressive residual stress field generated as a consequence of the welding process. The
aforementioned cracks are also influenced by at least two kinds of closure: plasticity-induced
crack closure and roughness-induced crack closure due only to low ratio, since the crack no

longer develops in the coarse-grained zone, but rather in a grain-refined region.

By comparing the set of cracks developing in the tensile RS field (Figures 4.29 to 4.31) vs the
cracks growing in the compressive zone (Figures 4.33 to 4.35), one can observe that, in general,
the results are the expected: opening (at least in minimum extent) for the cracks growing in the
tensile RS field and total closure for those extending in the compressive region. The closure
takes the half of the loading fatigue cycle when the cracks extend in the tensile region, such as

is shown in the COD results.

Although more opening was expected for a=3.0 mm compared with a=3.5 mm and/or a=4.0
mm, since the X-ray diffraction analysis carried out to the uncracked sample demonstrated that
the tensile residual stress peak ores=230 MPa was located in a=3.0 mm, this did not happen; the
three measured positions (a=3.0 mm, a=3.5 mm and a=4.0 mm) presented the same closure
levels. This fact may be explained from the perspective of the stress redistribution: the growth
of the crack redistributed the original tensile residual stress spreading it near the tip

region[®1121,

Although the main “driving force” for generating crack propagation in the tensile region is the
tensile residual stress, the grain size effect on fatigue crack growth may be important. Grain
size affect the crack path and the FCGR locally, when the crack propagates from coarser to a
finer grain region, as the distribution generated at weld and at the HAZ, respectively, as a
consequence of the welding processes in ferritic steels, the interface between coarser and finer
grain (in our case located approximately at the HAZ, where the residual stress changes from
tension to compression) may behaves as a grain boundary barrier restricting the crack

propagationt®®l*4],

When a fatigue crack is propagating through a residual stress field in welded plate, the effective
stress intensity factor at the crack tip is the sum of the stress intensity factor due to residual
stress and the stress intensity factor due to external loading[®). In the case of the cracks a=5.0
mm, a=5.5 mm and a=6.0 mm, as the fatigue test was tension-tension, the stress intensity factor
associated with the external loading is tensile too, whereas the local residual stress is highly

compressive. As the intensity factor related to external loading (tension) is not able to overcome
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the intensity factor associated to the local residual stress (compression), the set of cracks

develops total closure (see Figures 4.33, 4.34 and 4.35).

4.4.2.2 R=0.3 AND R=0.5
The analysis for R=0.3 and R=0.5 almost exclusively shows crack opening (Figures from 4.36

to 4.43), even when the crack reaches and goes into the region of high compressive residual
stress. The only exception is when the crack reaches the peak compressive RS value (a=6.0
mm, cres=-280 MPa) and a slight closure is observed at the start of the fatigue cycle. One way
for understanding the behaviour of such stress ratios is to remember the theoretical bases of the
crack extension and its relationship regarding plasticity.

The crack advancement is governed by irreversible plastic flow. The slip irreversibilities
introduced during forward fatigue loading is not recovered fully during reverse loading, which
generates the crack propagation(®l. The great amount of plasticity occurring at and ahead the
crack tip promotes a large degree of slip irreversibilities, which increases with increasing crack
sizeP"l. So, according with the aforementioned, higher FCGR result from the excessive
plasticity ahead of the fatigue crack tipl®l. It is worth mentioning that, based on the results
yielded by JIMAN method, the plasticity was excessive ahead the crack tip during the crack
driving force analysis for R=0.3 and R=0.5, it which can be an indicative of accelerated crack
growth.

However, the parameter that could have a stronger influence on the steeper FCGR is linked
with the mean stress. Although a mean stress itself cannot cause fatigue failure, it has a
considerable impact on the fatigue behaviour. The mean stress is often, especially in association
with crack propagation, characterised by R-ratiol®l. Superposition of a static compressive
residual stress and a cyclic tensile applied stress can have two outcomes, crack opening or crack
closure, depending on whether crack closure is overcome or notl®l. In the case of the set of
cracks extending in the compressive region for R=0.1, the stress ratio R was not able to
overcome the compressive residual stress effects, resulting in crack closure during the whole
fatigue cycle. On the other hand, when analysing the same set of cracks (a=5.0 mm to a=6.0
mm) but now for R=0.3 and R=0.5, the compressive residual stress effects (closure) are
immediately overcome by the tensile applied stresses, resulting in crack opening and higher

FCGR. It should be noted that an increase in R results in an increase in FCGR.
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Chapter 5. CONCLUSIONS

5.1 CONCLUSIONS

In this thesis a test-piece was developed having a residual stress field that varied from tension
to compression through a region of weld metal in a SA508 Grade 3 Class 1 ferritic steel. During
the fatigue test, AKapp Was kept constant to accurately determine the role of the residual stresses
on the fatigue crack growth for a range of R-ratios. The Digital Image Correlation technique
was used to obtain the surface displacements around the crack tip from the fatigue test, and
later these displacements were analysed by the JIMAN method using a MATLAB code to obtain
Kiman. DIC was an excellent technique for measuring both stress intensity factor and COD as

means of characterising the crack driving force.
From the project, the following conclusions can be drawn:

e The obtained residual stress distribution was more affected by the sample surface
conditions than by the welding process. The solid-state phase transformation
temperature was not low enough to overwhelm the thermal contraction and just partially
counteracted it, generating a decrease in the magnitude of the tensile stresses existing
transversely in depth at the fusion zone after cooling.

e In particular, the unsatisfactory JMAN results are ascribed to the presence of residual
stresses and gross plasticity in the zone of analysis, as well as the lack of detection of
crack closure is due to the poor performance of the JMAN software for evaluating
displacements at the starting of the fatigue cycle.

e In general, the trend of the JMAN results agrees with the COD results and with
published results for similar experiments: as R increases, FCGR also increases.

e The FCGR behaviour for R=0.1 markedly differs from R=0.3 and R=0.5: R=0.1 shows
hardly any opening when the crack grows in the tensile residual stress zone, and total
closure when the crack develops in the compressive RS zone, whereas R=0.3 and R=0.5
do not show evidence of crack closure (except when the crack reaches a=6.0 mm), just
an increasing opening which is steeper for R=0.5. The differences in FCGR behaviour
for the abovementioned R-ratios can be the consequence of the influence of the mean

stresses.
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The accelerated FCGR for R=0.3 and R=0.5 is due to the great amount of plasticity at
and ahead the crack tip which promotes a large degree of slip irreversibilities, which
increases as the crack size increases too.

FCGR is influenced to a greater degree by the stress ratio R and in a lesser extent by
the residual stress field.

The residual stress field exerts a greater influence at lower R-ratios (i.e. R=0.1) than at
higher R-ratios (i.e. R=0.5).
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5.2 FURTHER WORK

e Although one of the advantages of the JMAN method is the non-dependency on the
accurate location of the crack tip, it would be helpful to add some analytical method for
the precise location of the crack tip.

e Include an improved method to consider plasticity during the JMAN analysis, as well
as refine the FEM meshing for a better detection of displacements at the starting of the
fatigue cycle.

o Verify the applicability of the JIMAN method to the analysis of elements under residual
stress fields.

e Use the virtual strain gage provided by the DIC software to obtain COD and compare
the results vs. those obtained by the MATLAB code.

e Assess the real scope of the residual stress redistribution/relaxation on the stress
intensity parameters obtained.

e Address the role of the microstructure at the welding fusion zone, as well as the
interrelation between grain size and the residual stress field with respect to crack
propagation.

o Investigate crack initiation and propagation of short cracks in ferritic steel by means of
DIC and JMAN method, for starting cracks under two different conditions: tensile
residual stress and compressive residual stress, and for different R-ratios.

e Analyse the behaviour for a fatigue crack extending from compressive to tensile

residual stress field generated by welding in ferritic steel, for different R-ratios.
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