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Abstract
Fabrication by welding is very popular in the automotive industry due to its effectiveness in
reducing production costs and it has been found that failures in those welded components
can arise due to fatigue cracking caused by cyclic loading. Therefore, the ability to
accurately predict the time for a small non-detectable flaw to reach a size where it is first
detectable is important because of the resultant potential to reduce component validation test
programs. However, when considering how to best predict crack growth it should be noted
that the science of fatigue crack growth has traditionally revolved around the relationship
between stress intensity factor range, ΔK, and crack growth rate, da/dN, which is commonly
believed to have three distinct regions whereby Region I is associated with crack growth at
low ∆K’s and generally accounts for a significant proportion of the fatigue life of a structure.
It is this region that is important if we are to determine the time for a small non-detectable
flaw to grow to the size when it is first detectable.
The current approach in the automotive industry is to design against crack growth and this
is generally done via the use of stress vs. number of cycles (S-N) curves or strain life
methods. Most existing fracture mechanics approaches used to assess the fatigue
performance in MIG welded automotive structures are based on the similitude hypotheses
which means that two different cracks growing in identical materials with the same
thickness, with same stress intensity factor range ∆K, and the same maximum stress intensity
factor, K max , will grow at the same rate. However, using the principle of similitude to predict
the growth of short cracks can lead to errors as short cracks grow faster than long cracks for
the same values of stress intensity factor, and they can grow below the threshold stress
intensity factor of long cracks. This phenomenon is known as the ‘short crack effect’.
This research in this thesis focusses on investigating the applicability of two non-similitude
crack growth equations namely the Generalised Frost-Dugdale (GFD) equation and the
Hartman-Schijve-McEvily (HSM) equation, on the fatigue crack growth of small cracks in
MIG welded automotive grade steels.
A fatigue test program in MIG welded Xtraform 400 (XF400) and HA350 automotive grade
steel V-notched SENT specimens was performed, for a range of R-ratios, to generate
experimental short crack data. The results revealed that, in all cases crack growth was
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confined to the weld and the cracks on each side of a sample generally grew as individual
cracks before joining and growing as a through crack.
A 3D finite element technique has also been successfully developed and validated, in
demonstration of a numerical procedure that can be efficiently used together with
experimental results to obtain stress intensity factor solutions to be used in the GFD and
HSM equations to assess their capabilities of predicting fatigue crack growth in MIG welded
automotive grade steel components.
The applicability of the GFD crack growth equation was investigated for the growth of short
cracks (cracks typically <1.5 mm in this research was considered as short crack). It was
found that crack growth was not a unique function of ∆K as previously reported by other
researchers but instead could be represented as a function of ∆K, K max and crack length. This
finding implies that similitude based crack growth equations such as Paris equation and its
variants, which are commonly used in the automotive industry, are questionable when used
to predict fatigue life of short cracks in automotive grade steels. However, the disadvantage
of this method is that the value of p in the GFD crack growth equation appears to be R-ratio
dependent for welded structures and as such this approach is not recommended.
The applicability of the HSM crack growth equation (a variant of the Nasgro equation) was
also investigated for short cracks in MIG welded automotive grade steels XF400 and
HA350. It was seen that the crack growth data can often be reasonably well represented with
an exponent α that is approximately 2 (conforming to previous researchers who have
presented crack growth equations whereby da/dN is related to (∆K - ∆K th )2 and a material
constant, D of approximately 5.5 x 10-10. For rail and aerospace materials, the value of ∆K thr
asymptotes to zero as the crack length decreases whereas the residual stresses associated
with the welding process mean that that this is not true for welded structures. In this case, it
appears that the effect of the residual stresses resulted in a non-zero value of ∆K thr . This
finding suggests that the Hartman-Schijve-McEvily variant of the Nasgro equation is
superior when attempting to model crack growth in automotive welds and thereby presents
an alternative to computing the time to grow a crack from a small non detectable size to a
size that can be visually detected and hence an alternative to S-N based design curves.
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Nomenclature

Acronyms & Abbreviations
FE

Finite Element

FEA

Finite Element Analysis

DSTO

Defence Science and Technology Organisation

HRR

Hutchinson, Rice and Rosengren

S-N

Stress-Number of cycles

MIG

Metal Inert Gas

TIG

Tungsten Inert Gas

HSM

Hartman-Schjives-McEvily

GFD

Generalised Frost-Dugdale

SENT

Single Edge Notch Tension

SEM

Scanning Electron Microscope

SIF

Stress Intensity Factor

LCF

Low Cycle Fracture

ASTM

American Society for Testing and Materials

LEFM

Linear Elastic Fracture Mechanics

EPFM

Elastic Plastic Fracture Mechanics

CT

Compact Tension

MT

Middle Tension

WRS

Weld Residual Stress

SAW

Submerged Arc Welding

FSW

Friction Stir Welding

GMAW

Gas Metal Arc Welding

MISS

Mesh Insensitive Structural Stress
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HAZ

Heat Affected Zone

IRT

Infra-Red Thermography

NASA

National Aeronautics and Space Administration

CAD

Computer Aided Design

API

Application Program Interface

Symbols
ΔK

Stress intensity factor range, MPa√m

da/dN Crack growth rate, m/cycle
K max

Maximum stress intensity factor, MPa√m

K min

Minimum stress intensity factor, MPa√m

σf

Fracture stress, MPa

E

Material’s Young’s modulus, MPa

ϒ

Energy required to create a unit area of new surface, J/m2

a

Crack length, m

ϒs

Surface energy, J/m2

ϒp

Plastic energy, J/m2

KI

Mode I stress intensity factor, MPa√m

K Ieff

Mode I effective stress intensity factor, MPa√m

σ ij

Stresses acting on a material element, MPa

θ

Angle of crack tip from the crack plane, o

f ij (θ)

Geometrical functions of θ.

β

Geometry correction factor

σ nom

Nominal stress, MPa
vi

ry

Plastic zone size, m

σ ys

Yield stress, MPa

σ op

Crack opening stress, MPa

r

Distance from the crack tip, m

ʋ

Poisson’s ratio

v

Half crack opening displacement, m

l

Distance from the crack tip, m

a

crack length, m

N

Fatigue life (Number of cycles)

a0

notch depth, m

C

A constant experimentally obtained in Paris equation, m/(cycle·MPa√m)

m

A material constant in Paris equation

∆K th

Threshold stress intensity factor, MPa√m

ac

Critical crack length before failure, m

R

Stress ratio (K min /K max )

Kc

Material fracture toughness, MPa√m

P max

Maximum load, KN

P op

Crack opening load, KN

K op

The SIF value at crack opening load P op, MPa√m

U

Effective stress intensity ratio

C*

A material constant in the Generalised Frost-Dugdale equation, (cycle∙MPa√m)-1

m*

A material constant in the Generalised Frost-Dugdale equation

K Ic

Plane strain Mode I fracture toughness, MPa√m
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D*

A experimentally derived constant in Hartman-Schijve crack growth equation

α

A experimentally derived constant in Hartman-Schijve crack growth equation

D

A empirical constant in the Hartman-Schijve-McEvily crack growth equation

A

Cyclic fracture toughness in the HSM crack growth equation, MPa√m

∆K thr Apparent fatigue threshold in the HSM crack growth equation, MPa√m
n

A constant that unifies the short crack growth rate induced by notch effects with
long crack growth (usually taken as n=2) in the ‘two-stage growth law’

M kn

The stress intensity magnification factor (M kn = K notch K n ) .

Kn

Stress intensity factor based on through thickness membrane and bending loads,
MPa√m

σ mean

Mean stress, MPa

σ max

Maximum stress, MPa

ΔP

Applied load range, KN

∆σ

Applied stress range, MPa

S

The applied remote stress, MPa

Q

The shape factor

Fc

The boundary correction factor

t

Specimen thickness, m

c

Crack length along the width of the V-notched specimen, m

λ

An empirical constant derived from experiments

∆κ

The crack driving force, MPa√m

p

The driving force constant empirically obtained in the GFD crack growth equation

K max,tot The total maximum SIF, MPa√m
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∆K tot The total SIF range, MPa√m

εy

The yield strain

σy

The yield stress, MPa

N’

Material constant describing the hardening behaviour in Ramberg-Osgood
relationship, obtained from experimental data

σ 'f

Fatigue strength coefficient in the Coffin-Manson relationship, MPa

ε 'f

Fatigue ductility coefficient defined by the strain at a full reversal cycle (2N) in the
Coffin-Manson relationship
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Chapter 1: Introduction
1.1 Background and Motivation
The use of high strength steels in automotive components is steadily increasing as automotive
designers use modern steel grades to improve structural performance, reduce vehicle weight
and enhance crash performance. The effective use of steel in lightweight automotive body-inwhite structures, chassis members and suspension components is essential in order to maintain
its competitive position against alternative materials such as aluminium and composites. Metal
Inert Gas (MIG) welding, a technique widely used in the automotive industry for joining steel
components in chassis and frame structures, is a semi-automatic or automatic arc welding
process in which a continuous and consumable wire electrode and a shielding gas are fed
through a welding gun. However, one of the downsides of welding is that it often introduces
small flaws in a component, which under repeated loading can cause premature failure of the
component. Therefore understanding the fatigue crack growth behavior of such small flaws is
important in assessing the durability of MIG welded components as such the focus of the
present thesis.
It should be noted that, in the automotive industry, the current approach is to design against
crack growth and this is generally done via the use of stress vs. number of cycles (S-N) curve
or strain life methods. The ability to accurately predict the time for a small non-detectable
flaw to reach a size when it is first detectable is important because of the resultant potential to
reduce component validation test programs. However, when considering how to best predict
crack growth it should be noted that the science of fatigue crack growth has traditionally
revolved around the relationship between stress intensity factor range, ΔK and crack growth
rate, da/dN. It is commonly believed that the relationship between crack growth per cycle and
ΔK has three distinct regions (See Figure 2.5). Region I is associated with crack growth at low
∆K’s and generally accounts for a significant proportion of the fatigue life of a structure. It is
this region that is important if we are to determine the time for a small non-detectable flaw to
grow to the size when it is first detectable. Region II is the mid growth region and Region III
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is associated with rapid crack growth and subsequent failure. As such crack growth in Regions
II and III are of a lesser interest in the automotive industry.
Most existing approaches used to investigate fatigue analysis in MIG welded automotive
structures are based on the similitude hypotheses which means that two different cracks growing
in identical materials with the same thickness, with same stress intensity factor range ∆K, and
the same K max , will grow at the same rate.
However, predicting the growth of short cracks by the principle of similitude can lead to errors
as short cracks grow faster than long cracks for the same values of stress intensity factor, and
they can grow below the threshold stress intensity factor of long cracks [1, 2]. This
phenomenon is known as ‘short crack effects’.

1.2 Research aims
As mentioned in the previous section, most existing approaches used in fatigue analysis of
MIG welded automotive structures are based on the similitude hypothesis, which has been
shown to be invalid for short cracks. Since in S-N based design approaches, most of the life
of a cracked component is spent in the short crack region, new methodologies for the fatigue
analysis of short cracks in automotive components are required. Consequently, this research
is focused on investigating the applicability of two non-similitude crack growth equations
namely the Generalised Frost-Dugdale (GFD) equation and the Hartman-Schijve-McEvily
equation, on the fatigue crack growth of small cracks in MIG welded automotive grade steels.
It should be noted that the Hartman-Schijve-McEvily equation is contained as a special case
of the Nasgro equation developed by NASA for the fatigue crack propagation in Region I, II
and III [3] and is used in popular fracture analysis softwares, AFGROW and NASGRO.
The main aims of this research were:
•

To conduct an experimental investigation on MIG welded automotive grade Steels
(XF400 and HA350) at various R-ratios to generate fatigue crack growth data.

•

To use 3-D Finite Element Analysis to generate a relationship between Stress Intensity
Factor (SIF) and crack length for the specimens tested.

•

To investigate the applicability of the non-similitude crack growth equations on
fatigue crack growth of short cracks in welded XF400 and HA350 automotive grade
steels.
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•

To investigate the effect of R-ratio on fatigue crack growth to determine if crack
closure concepts are applicable.

1.3 Thesis Structure
This thesis consists of 8 chapters. Excluding the introduction and conclusion chapters, each
chapter includes an appropriate introduction, followed by the contents of the research
undertaken and ends with a conclusion and relevant references. The contents of those chapters
are summarised below.

Chapter 1 – Introduction
This chapter presents the background of the research, the research motivations and aims. A
summary of the contents of each chapter in this thesis has also been presented.

Chapter 2 – Literature Review
The literature review presented in Chapter 2 is an overview of the existing research in the field
of fatigue life assessment, with a focus on the growth of small cracks (i.e fatigue cracking in
Region I) and why further research in this area is required. The review highlights recent
findings which conclude that similitude based crack growth equations (which are currently
used in a number of engineering industries) are invalid in Region I, thus leading to an
increasing popularity of research in the development and applicability of non-similitude based
fatigue crack growth equations in Region I. The review also looks at how fatigue life
assessment in welds differs/relates to fatigue life assessment of plain engineering materials
(i.e. non-welded materials).

Chapter 3 – Experimental Methods
Chapter 3 presents a methodology for generating fatigue crack growth data in MIG welded
automotive grade steel specimens. The procedures for welding, cutting and polishing of the
test specimens are discussed as well as the methodology used to assess the quality and
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consistency of the weld. The experimental parameters for the different test configurations and
the methodology for capturing the crack lengths throughout the tests are also discussed.

Chapter 4 – Experimental Results
Chapter 4 presents the fatigue crack growth results obtained from the experimental
investigation. A basic microscopic analysis of the fracture surfaces is also presented in an
attempt to characterise the crack geometry.

Chapter 5 – Stress Intensity Factor (SIF) solutions from Finite Element Analysis (FEA)
From experimental investigation, it was found, that in all cases, the cracks were confined to
the weld zone. Consequently, in this chapter, finite element models with crack geometries as
observed in experiments were analysed and a relationship between the SIF and surface crack
length was obtained. The finite element methodology used is discussed in detail and validated.

Chapter 6 – Fatigue Life Predictions from Generalised Frost-Dugdale (GFD) Equation
This chapter presents a few case studies where the GFD equation was successfully used to
represent crack growth in a range of aerospace and rail materials. It has been shown that the
growth of short cracks in welded automotive grade steel XF400 and HA350 steel can be
represented using the GFD crack growth equation although the residual stresses induced by
the welding process resulted in the driving force constant, p, being dependant on R-ratio.

Chapter 7 – Fatigue Life Predictions from Hartman-Schijve-McEvily (HSM) Equation
This chapter presents a few case studies where the Hartman-Schijve-McEvily (HSM) variant
of the Nasgro equation was successfully used to reproduce crack growth in a range of
aerospace, rail and naval materials. This chapter also reveals that when crack data is plotted
as per the Hartman-Schijve-McEvily equation the ‘short crack’ anomalies that are generally
observed in traditional da/dN vs ∆K plots essentially vanishes. It is then shown that the growth
of short cracks in welded automotive grade steel XF400 and HA350 steel can also be
4

represented using the Hartman-Schijve-McEvily crack growth equation (for the range of Rratios and peak stresses investigated in the experimental study).
Chapter 8 – Conclusions and Recommendations
This chapter presents a summary of the main conclusions from each chapter and highlights
the key contributions made by this research and how these findings can be relevant in the
automotive industry. These are:
1. The HSM crack growth equation can be used to represent:
(i) Crack growth in a wide range of steels.
(ii) Crack growth in welded structures.
2. It is also shown that whereas for aerospace and rail steels, the apparent fatigue
threshold decays to a small value as the crack length reduces [4], this is not true for
welded structures which can have a finite non zero value as a result of the large
(induced) residual stresses.
Recommendations for relevant future work are also presented.
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Chapter 2: Literature Review
2.1 Introduction
Welding is one of the most common methods for permanently joining steel components.
Indeed, fabrication by welding is very popular in the automotive industry as it is an effective
method for reducing production costs, can be mechanised, automated and incorporated in
assembly lines. However, welded engineering structures can fail due to fatigue cracking
caused by cyclic loading. As such, the following chapter presents a literature review that
discusses (selected) existing research in the field of fatigue crack propagation to both welded
and non-welded structures. It also reviews relevant areas of research within the field such as
fatigue life prediction methods, numerical and analytical modelling, to establish the relevance
of the work presented in this thesis.

2.2 History of Fatigue Related to Structural Integrity
A brief history of notable scientists’ contributions to the developments in fatigue related to
structural integrity from 1837 to present is presented below:

1837 – A German engineer, Wilhelm Albert, published the first fatigue test on the effects of
repeated loads on conveyor chains which had failed in service in the Clausthal mines.
[2]
1842 – British railway engineer, William John Macquorn Rankine, discussed the fatigue
strength of railway axles and noted the effects of stress concentrations in railroad axles
following the first major railway accident, known as the Versailles accident that caused
multiple deaths. [1, 2]
1853 – Frenchman, Arthur Jules Morin, discussed the reports of two engineers responsible
for horse-drawn mail coaches who prescribed replacement of coach axles after 60,000
kms. This was an early example of the ‘safe life’ design approach. [2]
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1854 – The term ‘fatigue’ was mentioned for the first time by an Englishman, Frederick
Braithwaite, who described numerous service fatigue failures of water pumps,
propeller shafts, crankshafts, and railway axles arising from various causes such as
repeated strain, blows, torsion, tension, etc. [2, 99]
1860 – German engineer, August Wöhler, was the first to develop an apparatus for repeated
loading of railway axles and conduct systematic investigations of nominal stress vs.
cycles to failure to characterise the fatigue behaviour of materials. In 1870, he
presented a report which concluded that a material can fail under repetitive stresses
that are lower than the elastic limit and those stress amplitudes are decisive for the
number of cycles to failure. [2]
1910 – O. H. Basquin used Wöhler stress-life data and revealed that when presented using a
power relationship (i.e. log-log form), a linear relationship is commonly observed for
stress vs. number of cycles. [2]
1920 – Alan Arnold Griffith, a British aeronautical engineer, is regarded as the founder of
fracture mechanics. He observed that there are many microscopic cracks in every
material which would consequently lower the overall strength of that material. From
this observation, he formulated a fracture theory using an energy balance approach
based on the potential energy of external loads, elastic strain energy and surface
energy. This worked well for brittle materials such as glass, whereas, for ductile
materials such as steel, the surface energy was usually very high. [96]
1937 – The American, Bernard Langer, stated the damage-accumulation hypothesis and
separated fatigue life into the crack initiation and crack propagation phases. This was
presented again in 1945 by Miner, who was the first to check the damageaccumulation hypothesis by fatigue tests [2].
1954 – Gassner described the benefits of fatigue testing and measurements in the automotive
sector and by 1960 had carried out more than 1000 fatigue testings from all fields of
technology (aircraft, automotive, structural, railways, etc.). [2]
1954 – Coffin & Manson described the behaviour of metallic materials under cyclic inelastic
strain amplitudes and explained fatigue crack growth in terms of plastic strain in the
crack tips. They created a new field of activity called Low-Cycle fracture (LCF). [2]
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1957 – Frost & Dugdale showed that fatigue cracks emanating from notches can arrest
completely after some distance if the stress concentration factors are not large enough.
They also found that, once initiated, the stress required for a crack to propagate is
independent of the notch radius. They also revealed that crack growth rate was
proportional to the cube of the stress. [101]
1957 – The American scientist, Irwin and his team observed that the plastic zone near the
crack tip affected the fracture of ductile materials and consequently modified Griffith’s
theory to incorporate the plastic work in addition to the surface energy. As part of his
work, Irwin showed that the stress singularity ahead of a crack could be expressed in
terms of a scalar quantity known as the stress intensity factor. This formed the basis of
Linear Elastic Fracture Mechanics. [10]
1960 – Dugdale [102] estimated the size of the yield zone ahead of a crack in a thin sheet by
proposing that for a thin sheet in tension, yielding would be confined to a narrow strip
lying along the crack line.
1961 – Paris suggested that fatigue crack propagation can be expressed as a power law
function of ∆K. Although it does not take into account the influence of mean stress or
fatigue limit, it is a simple equation that is very popular to date and is named the ‘Paris
equation’. [2]
1967 – Forman proposed an extension to the Paris equation to include the fatigue limit and
to account for crack growth in Region III, which is the fast fracture region. [103]
1968 – Elber found that after a high tensile load, a crack can close before the load is reduced
to zero. His findings led to the development of the crack closure concept. [48]
1970 – Hartman & Shijve [77] proposed that fatigue crack propagation was a function of
both the stress intensity factor and threshold stress intensity factor below which a crack
will not grow.

1975 – Pearson [61] studied the behaviour of small cracks and reported that small cracks
could grow below the stress intensity threshold values and that they can grow faster
9

than long cracks for the same stress intensity factor. This discovery has created a wide
interest in the study of small fatigue cracks which is often referred to as the
‘anomalous’ behaviour of small fatigue cracks.
1978 – Hudak, Bucci, Saxena & Malcolm developed the popular American Standard Test
Method (ASTM) for measurement of fatigue crack growth rates. (ASTM E647) [104]
1981 – Newman [100] developed an analytical model based on Dugdale’s strip-yield model
and included the effects of plasticity induced crack closure.
1982 – Glinka presented a fatigue crack growth model based on the elastic-plastic stress and
strain at the crack tip. [3]
1983 – Xiulin & Hirt showed that the Hartman–Shijves equation was applicable for a range
of steels. [4]
1987 – Ritchie, Yu, Blom & Holm revealed that the short crack behaviour could be obtained
𝑑𝑑𝑑𝑑

from large crack 𝑑𝑑𝑑𝑑 vs ∆K curves by subtracting the effects of crack tip shielding. [78]

1992 – Forman & Mettu [98] developed the Nasgro equation which incorporates all the
regions of a crack growth curve and allows for closure effects.
1999 – Lincoln & Melliere [83] revealed that for aircraft structures related problems, it is
𝑑𝑑𝑑𝑑

necessary to use short crack 𝑑𝑑𝑑𝑑 vs ∆K curves.

2000 – Donald, Connelly, Paris & Tada developed the adjusted compliance technique for
removing closure effects from data obtained using ASTM E647 test specimens. [106]
2001 – Kujawski presented a crack growth model that accounts for stress ratio effects based
on the elastic-plastic crack tip stress-strain history. [5]

2003 – Forth, Newman & Forman showed that the ASTM constant load reducing test
method for generating threshold crack growth data were inconsistent with recent
findings of actual material response which later led NASA Johnston Space Centre to
abandon the standard ASTM test methodology. [6]
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2004 – Barter, Molent, Goldsmith & Jones presented a crack size dependant crack growth
model termed the Generalised Frost-Dugdale equation which characterises both the
short and long cracks, i.e. cracks in both Region I and II. [7]
2007 – Forth, James, Johnston & Newman showed a weak dependency of R-ratio effects
on crack growth rates of high strength steels in the Paris region which implied very
little closure in the Paris region for these materials. [8]
2011 – Molent, Barter & Wanhill [107] introduced the lead crack philosophy concept for
crack growth in combat aircraft which assumes that fatigue cracking begins as soon as
an aircraft enters service.
2014 – Jones [59] revealed that the Nasgro equation could be used to model both long and
small cracks by letting closure effects decay as crack length decreased.

2.3 Fracture Mechanics
All engineering components and structures contain material discontinuities which affect both
their strength and fatigue behaviour. Fracture mechanics involves applying the physics of
stress and strain to discontinuities found in materials to study crack propagation in those
components and structures. Fracture mechanics can be divided into linear elastic fracture
mechanics (LEFM) and elasto-plastic fracture mechanics (EPFM).
At the crack tip, the stress field can be broken up into three components: Mode I (opening
mode), Mode II (in-plane shear mode) and Mode III (out-of-plane tearing mode) as shown in
Figure 2.1 below. Mode I crack propagation occurs when a tensile stress is applied normal to
the plane of the crack and is most commonly encountered in practice and consequently will
be the focus in this thesis. Mode II crack propagation occurs as a result of a shear stress acting
parallel to the plane of the crack and perpendicular to the crack front. Mode III is similar to
Mode II except for the shear stress acting parallel to the crack front. In practice, a cracked
body can be loaded in any of those modes or even combination of the modes although as
mentioned before Mode I is generally the most prevalent.
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Figure 2.1: The 3 modes of fracture [95]

2.3.1 Linear Elastic Fracture Mechanics (LEFM)
Energy-balance approach
LEFM is commonly used for brittle-elastic materials such as high-strength steels, glass, etc.
In the 1920’s Griffith [96] proposed a linear elastic theory of brittle failure by applying the
concept that the stability of a stressed cracked body depends of whether it contains enough
energy to afford the creation of additional surfaces while maintaining equilibrium. Griffith
calculated the change in strain energy and surface energy as a function of the crack length and
found that failure occurs when the change in energy attains a peak value after which it
decreases by increasing the crack length to fracture. He subsequently proposed the following
equation to predict fracture stress:

σf =

2 Eγ
πa

(2.1)

where σ f is the fracture stress, E is the material’s Young’s modulus, ϒ is the energy required
to create a unit area of new surface and a is the crack length.
Griffith’s theory works well for brittle materials. However, for ductile materials such as high
strength steels, the theory was not very accurate as the consideration of surface energy alone
failed to accurately model fracture.
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Irwin & Orowan [9] suggested that the presence of a plastic zone at the crack tip had a
significant role in the fracture of ductile materials. The plastic zone occurs as a result of
loading and unloading cycle near the crack tip, leading to heat dissipation caused by the plastic
work. Irwin & Orowan [9] consequently modified Griffith’s equation to include a dissipative
term. The modified equation was then proposed as:

σf =

2 E (γ s + γ p )

(2.2)

πa

where ϒ s is the surface energy and ϒ p is the plastic energy.

Stress Intensity approach
Whilst the energy-balance approach provided a good insight of the fracture process, Irwin and
his colleagues [10] proposed an alternative method that examined the stress state near a crack
tip in a linear elastic material by applying the Westergaard approach to analytically solve the
stress, strain and displacement fields.
For a crack of length 2a in an infinite plate, Irwin and colleagues [10] expressed the stress
field around the crack tip (see Figure 2.2) in terms of a stress intensity factor, K I viz:

σ ij =

KI
2πr

f ij (θ )

(2.3)

where K I is the mode I stress intensity factor, σ ij are the stresses acting on a material element
at a distance r from the crack tip and an angle θ from the crack plane and f ij (θ) are
geometrical functions of θ.
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Figure 2.2: Distribution of stresses and ahead of a crack tip [97]

In general the stress intensity factor (SIF) depends on the applied stress, crack size and the
geometry and is commonly expressed viz:
K = βσ nom πa

(2.4)

where β is a parameter dependant on the geometry of a particular structure and crack geometry
(geometry correction factor).
From Equation 2.3, it can be seen that as r goes to 0, the stresses near the crack tip goes to
infinity. In reality these high stresses do not occur since the material in this region undergoes
plastic deformation, creating a plastic zone surrounding the crack tip.
Irwin was the first to estimate the extent of the plastic zone by setting the component of ydirection stress along the x-axis equal to the yield stress, σ ys , in the stress-field equations and
solved for the radius [114]. The determined radius was the distance along the x-axis where the
stress perpendicular to the crack equalled the yield stress resulting in Irwin defining the extent
of the plastic zone viz [114]:

1
ry =
2π

 K 


σ 
ys



2

(2.5)

Subsequent investigations by Irwin [114, 115] have revealed that the material outside the
plastic zone is stressed as if the crack was centred in the plastic zone and if the plastic zone is
14

thought of as circular, then 2r y represents the diameter of the plastic zone. Even though elasticplastic modes have shown that the plastic zone is rarely circular, the procedure stills appears
to position the leading edge of the crack around the centre of the plastic zone. Therefore, the
size of the plastic zone ahead of the crack tip would be between r y and 2r y.
Figure 2.3 shows a schematic model of the plastic zone and the stresses ahead of the crack tip
[114]. In Figure 2.3, the real crack is shown as blunted as a result of plastic deformation.

Figure 2.3 Stress Distribution in the crack-tip region [114]

For the case of an infinite plate subjected to uniform tensile stress, σ, and a through-thickness
crack of length 2a, the SIF equation is:
K I = σ πa

(2.6)

For the case of weldments, where the residual stress may be equal to the yield stress, it has
been suggested [11] that the effective stress intensity factor equation under Mode I loading
can be approximated as:
K Ieff ≈ 1.4σ ys πa

(2.7)
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2.3.2 Methodologies for determining Stress Intensity Factors (SIF)
A knowledge of the stress intensity factor at the crack tip is critical in the fracture analysis of
linear elastic materials or materials that show small yielding at the crack tip (i.e. when the
plastic zone is smaller than the crack tip).
The main approaches for determining SIF solutions are using: handbook solutions, weight
function and Finite Element Analysis (FEA).

Handbook Solutions
A few authors, Tada et al. [12], Wu et al. [13] and Murakami [14], have published handbooks
that summarise a range of methods such as boundary collocation, energy approaches and
conformal mapping solutions to provide a number of analytical solutions and tables are
provided as a function of geometry, crack dimension and shape which can be used to calculate
SIF solutions. These solutions are generally limited to a range of simple geometries and crack
configurations which can make it impractical for more complex geometries or crack
configurations.

Weight Functions
The weight function method was developed in the seventies by Bueckner [15] and Rice [16].
The basis of weight function method is based on the superimposition principle which enables
the calculation of the SIF in cracked structures without solving the boundary-value problem.
The general SIF solution based on weight functions is given by:
a

K = ∫ σ ( x)m( x, a )dx

(2.8)

0

where σ(x) is often obtained from Finite Element Analysis and m(x,a) is termed the weight
function.
A number of researchers, Bueckner [15], Newman et al. [17], Niu et al. [18] and Nguyen et
al. [19] have derived weight functions for various crack configurations.
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Finite Element Analysis (FEA)
In the past FEA was not very popular due to lack of computational facilities and it took a very
long time to analyse models with limited number of elements and nodes. In recent years, due
to the development of better computational facilities and software, it is now possible to analyse
more complex models with much more elements in much less time. It is also known that large
number of elements do not guarantee accurate solutions in the vicinity of the crack tip. This
is due to the singularity of the stress field around the crack tip.

To account for this

phenomenon, Henshell et al. [20] and Barsoum [21] suggested moving the midpoint nodes to
the ¼ point for the elements surrounding the crack tip using so the called “quarter point
element” around the crack tip as shown in Figure 2.4.

Crack tip
Figure 2.4: Quarter point elements representation
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Two approaches from FEA can be used to obtain SIF solutions for Mode I cracking:

i.

Stress Correlation [22]
This method uses the crack tip stress field to estimate K I viz:

[

K I = lim σπr
r →0

]

(2.9)

where r is the distance from the crack tip.
K I can be estimated by plotting the quantity in square brackets against distance from
the crack tip and extrapolating to r = 0. The advantage of this method is that it is simple
to use and can be used with any Finite Element program without the requirement for
special post processing programs. The accuracy of this method is strongly dependent
on the mesh size and the ability to account for the crack tip stress singularity and as
such this method is not widely used.

ii.

Displacement Correlation
This method uses the displacement field on the crack face. This has an advantage over
the stress correlation method because displacements are primary solution variables in
the finite element method and can be obtained with higher degree precision than the
stress field.
Williams et al. [23] proposed an equation to calculate SIF from FEA to include the
effect of the crack length on the element size at the crack tip:

KI =

Ev
4(1 −ν ) 2

2π

(2.10)

l 

l 1 − 
 2a 

where E is Young’s modulus, ʋ is poisson’s ratio, v is the half crack opening
displacement, l is the distance from the crack tip and a is the crack half length.
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2.4 Factors affecting fatigue life in Welded Structures
Fatigue crack growth experiments are often performed using the specimen geometries and
procedures outlined in the ASTM standard E-647. Two types of specimens, viz: compact
tension (CT) and middle-crack tension (MT), contained in this standard are perhaps the mostly
widely used. Various studies have shown that for welded joints, weld geometry factors and
weld residual stress (WRS) can significantly affect the crack growth data obtained in fatigue
experiments [108, 109]. As a result, the use of the effective stress intensity factor range to
account for the influence of crack closure and WRS will be discussed in the sections 2.6.2 and
2.4.4 respectively.
The percentage of the crack propagation phase in the total fatigue life for a welded structure
is strongly dependant on the quality of the weld, initial defects, weld residual stresses and
local stress conditions. A study performed by Murthy D.S [79] on fatigue crack initiation and
propagation behaviours of welded steel tubular structures, concluded that for the joints tested,
the crack growth life was between 75% - 89% of the total life.
Another study performed by Bartosiewicz et al. [45] found that near threshold crack growth
rates are lowest when cracks propagate through the weldment material, resulting in a higher
fatigue threshold value. Bartosiewicz et al. [45] also found that crack growth rate in
weldments produced by MIG welding were lower than crack growth rate in weldments
produced by submerged arc welding process. Although the reasons for this observation were
not clear, Bartosiewicz et al. [45] suggested that this could be due to the production of larger
grain sizes in the weldment by MIG welding since it was also reported in [45] that fatigue
threshold usually increases with increase in grain diameter of the material.

2.4.1 Welding fundamentals
The strongest and most common methods for permanently joining steel components is by
welding and this process is very popular in the automotive industry. Due to its complexity, it
is very important for weld characteristics to be understood by engineers and welders. It has
been found from numerous investigations that many engineering structure fatigue failures
occur at welded connections. [11]
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Three commonly used welding techniques in the automotive industry are:
i.

Arc Welding
These processes use a welding power supply to create and maintain an electric arc
between an electrode and the base material to melt metals at the welding point. They
can use either direct or alternating current, and consumable or nonconsumable electrodes. The welding region is generally protected by an inert gas,
known as a shielding gas, and filler material is sometimes used as well. Some of the
typical Arc Welding techniques are:
•

Metal Inert Gas (MIG) welding is a semi-automatic or automatic process that
uses a continuous wire feed as an electrode and an inert or semi-inert gas mixture
to protect the weld from contamination. Since the electrode is continuous, welding
speeds can be significantly high.

•

Tungsten Inert Gas (TIG) welding is a manual welding process that uses a nonconsumable tungsten electrode, an inert or semi-inert gas mixture, and a separate
filler material. It is generally useful for welding thin materials. This method
requires significant operator skill and can only be accomplished at relatively low
speeds.

•

Submerged Arc Welding (SAW) is a high-productivity welding method
commonly used in industry, in which the arc is struck beneath a covering layer of
flux. This increases arc quality, since contaminants in the atmosphere are blocked
by the flux. The use of continuous wire feed enables relatively high welding speed.

ii.

Resistance Welding
Resistance welding involves the generation of heat by passing high currents through
the resistance caused by the contact between two or more metal surfaces. Small pools
of molten metal are formed at the weld area as high currents (1000–100,000 A) are
passed through the metal. In general, resistance welding methods are efficient and
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cause little pollution, but their applications are somewhat limited and the equipment
cost can be high. The most common resistance welding method is Spot Welding.

iii.

Friction Stir Welding (FSW)
FSW provide excellent weld quality, with none of the porosity that can arise in fusion
welding, and the mechanical properties are at least as good as the best achievable by
fusion welding. The process is environmentally friendly, because no fumes or spatter
are generated, and there is no arc glare or reflected laser beams with which to contend.
Another major advantage is that, by avoiding the creation of a molten pool which
shrinks significantly on re-solidification, the distortion after welding and the residual
stresses are low. This method is becoming increasingly popular for welding aluminium
alloys. [24]

2.4.2 Weld Geometry Factors
The fatigue crack growth behaviour of welded joints is highly dependent on weld geometries
such as weld toe angle, weld toe radius and plate thickness. Ferreia et al. [25] investigated the
effects of weld geometry factors on fatigue properties of cruciform and T-joint welds and
found that the thickness of base plate and weld toe radius are the most important factors for
the fatigue properties of welded joints. They found that fatigue strength and life increases with
decreasing plate thickness. Nguyen et al. [26] developed a mathematical model using LEFM,
FEA and superposition principles to predict fatigue strength of welded joints subjected to
effects of butt weld geometry parameters and concluded that the fatigue life and strength is
significantly improved by increasing the weld toe radius, decreasing the flank angle and
decreasing plate thickness.

2.4.3 Weld Defects and Detection
Sanders [27] studied the effects of lack of penetration and lack of fusion on the fatigue
behaviour of aluminium grade double V groove butt welds for 2 cases: with and without
reinforcement. He concluded that for both cases, lack of penetration defect was more serious
than lack of fusion defect and significantly reduced the fatigue life of the specimens.
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Hackmair et al [28] numerically studied the effect of weld sequence for a MIG welded T-joint
on distortions and successfully compared the results to experimental results and therefore
provided a validated method for numerically optimizing a welding sequence in order to
minimise distortions.
Fatigue crack propagation of various steels indicated that the difference in microstructure
between ferrite-pearlite and martensitic steels can have an effect of the rate of crack
propagation. However due to the small difference, it is generally considered that the crack
propagation rate is independent of the steel composition and microstructure. [11]
It is therefore important to be able to inspect the weld quality after manufacture so as to be
able to predict fatigue cracking. Good welding techniques such as automatic welding
procedures are very useful in creating consistent welds with very little defects. Some common
non-destructive methods generally used to inspect welded specimens after manufacturing are:

i.

X - Ray Inspection
Sub-surface cracks and inclusions can be detected by X-Ray examination. Nowadays,
this method is conducted using advanced computational facilities to analyse the x-ray
image to accurately detect small defects in welds [29].

ii.

Infrared Thermography (IRT)
Surface and sub-surface defects can also be detected by infrared thermography (IRT).
Thermographic cameras detect radiation in the infrared range (most objects emit
infrared radiation) of the electromagnetic spectrum. The amount of radiation emitted
by an object depends on temperature. For example, a welded material will have
different microstructures in the weld region compared to the parent material as well as
the possible defects introduced during the welding process and these will influence the
material’s ability to absorb heat. Therefore, by shining a light source at the welded
material for a short period of time and viewing through a thermography camera,
warmer and cooler regions of the material can be easily visualised to assess the quality
of the weld. In this thesis, the samples weld quality was checked using IRT. This will
be discussed in the next chapter.
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2.4.4 Weld Residual Stress (WRS)
WRS introduced by the welding process can come from expansion and shrinkage of
weldments during heating/cooling, misalignment and microstructure variation and the heat
affected zone (HAZ). Residual stresses can be the cause of premature fatigue failure especially
under lower external cyclic loads [30].
Studies by Goo et al. [31] on fatigue life evaluation of welded joints with residual stresses,
found that the initial residual stress due to welding is tensile in the middle (across the
thickness) part of the specimen and compressive at the edges. They also found that if the
applied load was greater than a value (in their case 230 MPa), the residual stresses in the
middle of the weld changed to compressive and if the applied load was lesser than that value
(230 MPa in this case), the crack initiated at the edges of the weld. This finding led them to
suggest that the locations of fatigue crack initiation are dependent on the magnitude of the
applied load.
Ji et al. [32] studied the influence of various welding sequence on the residual stress of onegroove welding and found that in a multi-layer weld, the peak values of residual stress after
welding were approximately 25% lower when welding direction was alternated after each
layer compared to similar welding direction for all layers.

2.5 Review of Fatigue crack growth equations
One of the fatigue crack growth equation was developed in 1953 by the (then) Australian
Defence Science and Technology Organisation (DSTO) researcher, Head [33], who assumed
that the size of the plastic zone ahead of a crack remained constant and independent of crack
length. Since then, it has been well established that for long cracks, the stress intensity factor
range, ∆K, correlates well with fatigue crack growth rate da/dN and numerous researchers
have developed fatigue crack growth equations based on experimental observations or logic
deductions.
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2.5.1 Frost & Dugdale equation
In 1958, Frost & Dugdale [34] conducted a series of experiments to investigate crack growth
rate and its behavior for center notch panels. They measured the plastic zone size at various
crack lengths and found that the size of the plastic zone was directly proportional to the crack
length which suggested that the assumption by Head [33] on the size of the plastic zone being
independent to crack length, was incorrect. They concluded that crack growth rate was
proportional to the crack length, for overall crack lengths up to one eight of the specimen
width, and found that under constant amplitude, crack growth loading could be described by
a simple log linear relationship, viz:
Ln(a) = βN + Ln(ao ) or

a = ao e β N

(2.11)

where N is the fatigue life; β is a parameter dependent on geometry, load and material; a is
the crack depth at time N and a 0 is the initial flaw size. Assuming crack geometry and field
stress remain constant then β=f(σ).
Frost & Dugdale [34] further added that for aluminium alloys and mild steel, β could be
expressed viz:
β = λ(∆σ)3

(2.12)

where λ is a constant.
More recently, Barter et al. [7] ; Molent et al., 2006 [35]; Jones et al., [36,37] have shown that
the Frost & Dugdale equation can be applied to a wide class of engineering problems and that
there is often a near linear relationship between the log of the crack size and the life, i.e. the
number of cycles, or blocks. These observations were reinforced by the work of Polak et al.
[38] who studied the growth of physically small cracks, which ranged in size from 20 microns
to several millimetres in length, in austenitic-ferritic 2205 duplex stainless steel and a range
of other materials. Their study concluded that over these length scales, da/dN was proportional
to the crack length and that the crack growth history could be written as per Frost & Dugdale,
in the form of Equation 2.11. A near linear relationship between ln(a) and N has also been
reported, for physically small cracks, by a large number of researchers including Harkegard
et al. [39], Murakami et al. [40].

24

The cubic relationship between stress and crack growth rate is now built into the ASHTO
(Bridge) standards [105] and into the RAAF F/A – 18 and RAAF AP3C (Orions) structures
manuals. [110 – 112]

2.5.2 Paris equation
Paris et al. [41] initially correlated crack growth da/dN with the maximum stress intensity
factor, K max viz

da
= f (K max , R )
dN

(2.13)

where R is the stress ratio (K min /K max ).

Liu [42, 43] subsequently found that the most important parameter correlating fatigue crack
growth is the stress range rather than maximum stress and suggested that da/dN should be
proportional to the ∆σ2a. It was also suggested that for a wide plate, ∆σ2a = ∆K2. This led to
what is perhaps the first fatigue crack growth equation correlating with stress intensity factor
range viz

da
∝ ∆K 2
dN

(2.14)

Shortly after, Paris & Erdogan [44] critically reviewed various types of crack propagation
equations and their re-interpretation and analysis of a number of experimental data. The results
of the constant amplitude tests were expressed as a function of ∆K on a double log scale (see
Figure 2.5) which showed that a region of linear relation between log(da/dN) and log(∆K)
appears to exist. This finding resulted in the formulation of a power law for constant amplitude
loading which is widely used today and is referred to as the Paris equation viz:

da
m
= C (∆K I )
dN

(2.15)
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where the coefficient C and power m are assumed to material constants and ∆K is the variation
of SIF during a loading cycle (K max - K min ). The subscript ‘I’ refers to mode I loading.

Final Failure
Region

Region

Region

I

II

III

Figure 2.5: Typical fatigue crack growth rate curve showing the three distinct regions
Region I – This region is associated with crack growth at low ∆K’s and is believed to account
for the significant proportion of the fatigue life of a structure. In this region, crack growth is
sensitive to microstructure and environment.
Region II – This region is where a linear relation between log (da/dN) and log (∆K) appears
to exist. This is the region where the Paris power equation is valid.
Region III – This is the fracture region which accounts for rapid crack growth which will
ultimately lead to structural failure.
In addition to these regions, several researchers believe that there is also a threshold stress
intensity factor, ∆K th , below which a crack will not grow. ASTM E-647 defines fatigue
threshold as the value of stress intensity factor at which the crack growth rate is of the order
10-10m/cycle [45, 46].
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One of the major limitations of the Paris equation is that it is only valid in Region II. Various
corrections have been proposed to the Paris equation by a number of researchers to account
for R- ratio effect, crack closure, material toughness, etc. which will be discussed in the next
section.

2.6 Aspects of Fatigue crack growth
Fatigue crack propagation is very complex and many parameters affect the fatigue
performance of a structural component. These include parameters related to loading,
geometry, component properties, and environment. Researchers are constantly developing
new or updating crack growth models based on various aspects of fatigue crack growth to
provide reliable predictions. This section presents some of the important aspects.

2.6.1 Critical Stress Intensity
The critical stress intensity factor, i.e. the value of ∆K at failure, is called the fracture
toughness and is denoted as K c for plane stress condition and K Ic for plane strain condition
(where subscript I denotes mode I loading). It is a property that describes the ability of a
material with a crack to resist fracture failure and is an important design parameter. When the
critical stress intensity is attained, a crack propagates in a catastrophic manner. The fracture
toughness of most materials can be obtained from experimental testing and is commonly
expressed as:
K c = βσ 0 πac

(2.16)

where a c is the critical crack length at failure and β is the geometric correction factor

As the stress intensity factor increases, crack growth becomes much faster (Region III) and
Paris equation becomes invalid. Forman [47] proposed an extension to Paris equation to take
into account the fracture toughness and thereby model crack growth in Region III viz:
da
C (∆K )
=
dN (1 − R )K c − ∆K
m

(2.17)

where the coefficient C and power m are assumed to material constants, ∆K is the variation of
SIF during a loading cycle (K max - K min ) and K c is the material fracture toughness.
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2.6.2 Crack closure effects
Crack closure is a fatigue phenomenon whereby the crack faces remain in a closed position at
a load above the minimum applied load. The concept of crack closure was first introduced by
Elber in 1970 who suggested that, as a result of plastic deformation, a crack can be partly or
fully closed during a fatigue cycle [48, 49]. This concept has been reviewed by Vasudevan
[50] who reported that crack closure contributions to fatigue crack growth are significant,
particularly in the near threshold regimes as illustrated in Figure 2.6 below.

Figure 2.6: Crack closure concept [51]
Elber [49] found that crack opening is a non-linear function of the applied stress and suggested
that the crack is partially closed due to the induced residual stress. Elber argued that a load
cycle is only effective in driving the growth of a fatigue crack if the crack tip is fully open and
as a result defined an effective stress intensity range (see Figure 2.7) viz:
∆K eff = K max − K op

(2.18)

where K max is the maximum SIF calculated for the maximum load P max , and K op is the SIF
value at crack opening load P op .
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Figure 2.7: Effective stress intensity range representation
He introduced the concept of an effective stress intensity ratio, U, which he defined as:

U=

∆K eff
∆K

=

K max − K op

(2.19)

K max − K min

Elber also suggested that Paris equation can be better represented if it is modified as shown in
Equation 2.20

da
m
= C (U∆K )
dN

(2.20)

This concept has been used to correlate crack growth length under constant amplitude loading
and has been shown to be a significant factor in causing load-interaction effects on crack
growth rates under variable-amplitude loading. It also has been used to explain the
retardation/acceleration phenomena that can occur during spectrum loading.
Adams [52] confirmed that crack closure could occur in specimens under tensile stresses and
suggested that crack closure may be responsible for some of the observed sequence effects
seen in crack propagation under variable-amplitude loading.
However, Richie et al. [78] reported that for cracks that grow from small naturally occurring
material discontinuities, the fatigue threshold is very low and suggested that crack growth
histories for short cracks can be obtained from long crack data by removing the effect of crack
closure and other crack tip shielding effects which are defined as any process resulting in the
effective value of ΔK seen in a load cycle being less than ΔK.
McEvily and co-workers [80-82] have shown that crack closure decays to zero as the crack
length decreases. Ritchie et al. [78] have confirmed this and suggested a simple power law
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equation for the growth of short cracks. Indeed this finding, i.e. a simple power law for the
growth of small cracks, was one of the primary outcomes of the USAF-McDonnell Douglas
study into cracking in USAf F-15 aircraft [83]. In this context [83] stated:
“Figure 1 shows the short-crack correction to the long-crack data for both aluminum and
titanium that McDonnell used for this study. The inclusion of the short-crack effect was key to
the success of the program. The inclusion of the short-crack effect enabled McDonnell to pool
the coupon test EIFSs derived from constant-amplitude tests with the random flight-by-flight
loaded test aircraft EIFSs. This is a significant finding in that earlier use of the long-crack
threshold for crack growth made it appear that the equivalent initial flaws in the structure
were spectrum dependent”

Forth et al. [6] suggested that experimental procedures can induce load history effects that
result in crack closure and way to reduce these effects is to propagate cracks under constant
amplitude loading.
Forman & Mettu [98] subsequently presented the Nasgro equation which forms the basis of
the crack growth equation used in both AFGROW and NASGRO fatigue analysis softwares
viz:

da
1− f 
= D' 

dN
 1− R 

m'

∆K ( m '− p ') (∆K − ∆K thr )
 K max 
1 −

A 


p'

q'

(2.21)

where D’, m’, p’ and q’ are material constants experimentally obtained, f = K op /K max and the
terms ∆K thr and A are best interpreted as parameters chosen so as to fit the measured da/dN
versus ∆K data.
Setting m = p and q = p/2, yields a formulation that is referred to as the Hartman-SchijveMcEvily crack growth equation, see [59]. When ∆K eff is allowed to decay as the crack length
decreases, the Hartman-Schijve-McEvily formulation can be used to represent the growth of
both long and short cracks in rail and aerospace structures [59].
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2.6.3 Fatigue Crack Threshold
The fatigue threshold, ∆K th , was first introduced by McClintock in 1963 [56]. As mentioned
before, ASTM E-647 defines fatigue threshold as the value of stress intensity factor at which
the crack growth rate is of the order 10-10m/cycle [45, 46]. ASTM E-647 suggests several
methods to determine ∆K th . Two of the most commonly used approaches are:
i.

Constant R load reduction procedure
ASTM E-647 introduced the load reduction method to generate constant load-ratio
data in the threshold and near-threshold region. This method reduces the maximum
and minimum load applied to a cracked specimen such that R-ratio remains constant.

ii.

Constant K max test procedure
This method keeps K max constant while increasing or reducing K min . This method
however makes it difficult to obtain thresholds for low R-ratios.

2.6.4 Stress ratio (mean stress) effect
Several researchers [57, 58] have established that da/dN generally increases with increasing
R-ratio and several concepts such as the crack closure model by Elber [48] and the two
parameter ∆K and K max model by Vasudevan [50] have been suggested to explain the R-ratio
effects.
Frost & Dugdale [34] investigated the mean stress effect on crack growth rate of a range of
steels and found that for mild steel, da/dN was essentially independent of R-ratio. It should
also be noted that Forth et al. [8] has reported that for materials that exhibit weak R-ratio
dependency, crack closure concepts do not apply.
Subsequent studies [55, 59] revealed that as explained by McEvily and co-workers [80-82]
and Richie et al. [78], crack growth from small naturally occurring defects generally showed
weak R-ratio effects which questioned the validity of crack closure based crack growth
equations to model cracking from such small cracks.
Ritchie et al. [53] studied fatigue crack propagation in a low steel alloy subjected to temper
embrittlement and found that that fatigue crack growth rates were insensitive to mean stress
in the un-embrittled steel.
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2.6.5 Short crack effects
Research on the fatigue behaviour of short cracks date back to the 1980’s when several
researchers, such as Pearson [61], Newman [62], observed that under the same crack driving
force, the crack growth rate associated with short fatigue cracks are generally greater than
long cracks in the same material as shown in Figure 2.8. This finding is of importance in a
number of engineering components as a major part of the fatigue life of components is spent
in the short crack region. As a result, in recent years, there has been an increasing attention to
the application of LEFM to crack growth analysis of cracks smaller than 1 mm [59].

Figure 2.8: Short crack effects [54]
Suresh et al. [63] and Ritchie et al [64], defined three categories of short cracks:

i.

Micro-structurally short cracks
This refers to crack propagation rate immediately after crack initiation is influenced
by local microstructural features of the material.

ii.

Mechanically short cracks
Once the crack length exceeds several grain diameters, the microstructure influence
vanishes and crack propagation is driven by the plastic zone ahead of the crack tip.
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iii.

Physically short cracks
Once the size of the plastic zone at the crack tip becomes negligible compared to the
crack length, the crack is said to have transitioned to physically short cracks. These
cracks are typically less than 1 mm.

The USAF Damage Tolerant Design Handbook [65] has proposed crack lengths from 1.0 mm
to 1.8 mm as the range whereby a crack transitions from a short crack to a long crack. In this
thesis, it should be noted that the term ‘small crack’ will be used in a general term to refer to
cracks are typically less than 1.5 mm.

The recent state of the art review paper [59] explains how the growth of cracks from small
naturally occurring material discontinuities can generally be computed using the Nasgro
equation with closure effects modelled as per McEvily and co-workers [80-82], with the
threshold set to a low value and the constants determined from ASTM E647 tests on long
cracks. However, in the cases discussed in [59], residual stress effects were quite small. This
is not generally true for welded structures.

2.6.6 Similitude hypothesis
Similitude is a term widely used in fracture mechanics whereby crack growth behaviour is
deemed to be independent of material behaviour and crack length, implying that for similar
near-tip conditions, similar crack growth behaviour should be observed [113].
The Paris equation (Equation 2.15) and its variants are based on a similitude hypothesis which
states that two different sized cracks in the same material and same thickness, with the same
effective SIF range ∆K and K max must grow at the same rate [68]. Various researchers have
since reported that the similitude hypothesis is invalid in Region I which is essentially the
short crack region.
Forth et al. [66], who presented crack growth data, obtained using the ASTM standard
constant stress ratio test method for middle crack tension, compact tension and eccentrically
loaded edge-crack tension specimens revealed that the increment in the crack length per cycle
(da/dN) is not a unique function of ∆K and R. This finding led Forth et al. [66] to state that:
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“Laboratory fatigue crack growth rate test data and finite element analyses show that
similitude between standard specimen configurations tested using the constant stress ratio
test method is unobtainable.”
Jones et al. [67] presented crack growth data in D6ac steel and a range of rail steels and
showed that da/dN is not a unique function of ∆K and K max in Region I and the lower portion
of Region II which confirmed the breakdown of the similitude hypothesis.
Jones et al. [68] showed crack growth data for a range of materials appeared to follow the
generalized version of the non-similitude Frost & Dugdale crack growth equation which is a
function of both ∆K and crack length, a. This will be discussed in more detail in the next
section.
However, it is now known [59] that this effect can often be accounted for by allowing the
threshold term, ∆K thr in the Nasgro equation to be a function of the crack length and by
allowing for crack closure to decay to zero as the length of the crack decreases.
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2.7 Fatigue life assessment of welded structures
As discussed in section 2.4, typical welding processes introduce a number of factors that can
affect the fatigue life of a welded component. The fatigue life of a welded component can be
significantly reduced if good workmanship or proper selections of filler material are not
employed during manufacturing. On the other hand, Allie et al. [87] revealed that welded J6
bainitic rail steel with no defects in the fusion region appeared to exhibit a better total fatigue
life when compared to un-welded J6 bainitic rail steels.
Schijve [88] reported that different types of welded joints transmitted the load differently and
that this together with factors affecting the quality of the weld, could greatly influence the
fatigue properties of welded components. Fatigue cracks in welded structures often start from
some type of weld defect. Despite this, crack initiation and the small crack growth period is
often neglected and the fatigue life is estimated by integrating the Paris equation [88].
Another practical approach to estimate the fatigue life of welded structures is based on the use
of design codes, more specifically S-N curves [88]. This concept was introduced by Gurney
[89] for welded steel joints where each S-N curve reflected the influence of weld geometry,
weld characteristics and residual stress on the fatigue life. The S-N curves presented by
Gurney [89] ranged from a ground flush butt weld which has the highest fatigue strength (due
to the stress concentration of the weld reinforcement being eliminated) to a transverse fillet
welded joint which has the lowest fatigue strength.
Whilst the conventional stress-life fatigue analysis (S-N curves) have been very popular, it is
now well recognised that much of a component life if spent in the crack initiation and small
crack growth phase and that the fatigue life assessment of weldments should ideally follow a
crack propagation approach [90]. This fatigue life assessment approach was also reported in
[91] where it was stated that the crack propagation approach for the study of crack propagation
under fatigue loading is the recommended way for assessing the life of structural members
with flaws or crack-like defects.
Allie et al. [87] performed a series of tests on un-welded and welded J6 bainitic rail steels,
with the filler material used being a commercial Gas Metal Arc Welding (GMAW) wire with
similar tensile strength to the parent material. The welded specimens were machined and a
90o notch 3 mm deep was cut in the centre of the specimen and at the centre of the weld region.
Allie et al. [87] reported that the average crack growth rate of the parent and weld were
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essentially similar in the initiation phase (Region I) and stable crack propagation phase
(Region II), indicating similar resistance to fatigue crack propagation. Shankar & Wu [92]
also reported a similar finding whereby the fatigue crack growth behaviour in welded 5088H321 aluminium alloy was essentially similar to the parent material.
Benoit et al. [93] reported that the fatigue crack propagation in the HAZ for structural welded
steel was lower than the corresponding fatigue crack growth rates in the parent material. A
similar finding was reported by Liu et al. [94] who studied the fatigue crack growth behaviour
of 14MnNbq bridge steel and revealed that experimental results indicated that the HAZ is the
control domain for fatigue crack growth rates in the welded bridge steel plates as it has the
faster crack growth rate followed by the weld material and the base material, in the low growth
rate region (Region I).

2.8 Non-similitude based crack growth equations
When crack growth is not a unique function of ∆K and K max , the similitude concept is no
longer applicable. In 1975, Pearson observed that LEFM failed to correlate crack growth rate
of very small cracks (<0.5mm) with that of long crack [61]. Since then, there has been
increased research interests on short crack behaviour whereby microstructural effects, farfield applied stress, crack length, etc, were reported to influence the short-crack behaviour
resulting in many investigations revealing that the popular Paris equation and its variants,
which assume that crack growth is a unique function ∆K and K max , were invalid in Region I
where the cracks are short. Since Region I accounts for a major portion of many engineering
structures, the need for non-similitude based crack growth equations were required to
accurately model those short cracks. This section discusses alternative crack growth equations
that are valid for short cracks.

2.8.1 The Generalised Frost-Dugdale equation
Molent et al. [69] examined a large number of cracks in 7050-T7451 aluminium alloy test
specimens and revealed a near log-linear relationship when natural logarithm of crack lengths,
ln(a), was plotted against number of cycles, N, for crack lengths ranging from microns to
several mm’s. This finding suggested that the crack growth rate is proportional to crack length.
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Similar observations were reinforced by the work of Polak et al. [38] who studied the growth
of physically small cracks, which ranged in size from 20 microns to several mm’s in length,
in austenitic-ferritic 2205 duplex stainless steel and a range of other materials and concluded
that over these length scales da/dN was proportional to the crack length and that the crack
growth history could be written as per Frost & Dugdale, in the form of Equation 2.11. Other
researchers including Harkegard et al. [39], Murakami et al. [40] also reported a near linear
relationship between ln(a) and N for physically small cracks. This finding was one of the main
conclusions reached during the F-16 development program [70].
The lack of similitude in Region I was one of the main drivers for the development of the
Generalised Frost-Dugdale equation by Dr. Pitt from the Australian Defence Science and
Technology Organisation (DSTO). Barter et al. [7] and Jones et al. [37, 71] subsequently
presented the Generalised Frost-Dugdale equation viz:
 1− m

da
= C *a 
dN

*


2 

(∆K )m

*

−

da
dN o

(2.22)

where C* and m* are constants, ∆K is an stress intensity factor range and da/dN o reflects both
the initial threshold and the nature of the initial defect.
Jones et al. [71] revealed that other researchers namely Ding et al. [72] and Noroozi et al. [73]
had also proposed crack growth equations which were similar to GFD.

Ding et al. [72] considered a crack to have a series of dislocations ahead of the crack tip,
which they termed a super dislocation, and that crack growth occurred as a result of the
formation of micro-cracks ahead of the crack tip.

These assumptions led to a crack growth equation of the form:

( 1 ) (∆K − ∆K th )
da
= χ∆σ λ −1
dN
K Ic2 − ∆K 2

2

(

)

(2.23)

where χ, is the material constants and K Ic is the plane strain Mode I fracture toughness.
Jones et al. [71] noted that for small cracks ∆K is proportional to ∆σ √πa so that when

∆K << K Ic and λ = 1/(γ -1) then Equations 2.22 & 2.23 have a similar form.
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Noroozi, et al. [73] developed a two-parameter driving force model for physically small
cracks, called Unigrow. This was derived using an approach that considered the local stresses
and strains at the crack (notch) tip together with the Smith-Watson-Topper (SWT) fatigue
damage parameter. In this approach the crack was modelled as a notch with a small but finite
tip radius which remained open during crack growth as per the Neuber micro-support concept
[74].
From this they found that for predominantly plastic behaviour at the crack tip, the crack
growth equation took the form of:

[

da
1− ρ
p
= C K max,
tol (∆K tot )
dN

]

γ

(2.24)

where for plane stress,



(


ψ y ,1 )2
C = 2p*

 2 n'+3 σ 'f ε 'f πEp * 

 n'+1

−

1
b+c

(2.25)

and for plane strain,

C=
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Noroozi et al.[73] also determined a relationship for p* to the threshold stress intensity factor
range ∆K th viz:

(ψ )
p* =

2

y ,1

2π

 ∆K th

a
 ∆σ th





2

(2.27)

Jones et al. [71] revealed that by using the threshold stress intensity range as a function of
crack length which is given in the NASGRO user’s manual [75] (see Equation 2.28 & 2.29),
the Unigrow crack growth equations followed the Generalised Frost-Dugdale equation.
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∆K th = λ

(a (a + a0 ))

(2.28)

and that that for physically small cracks a << a 0 , Equation 2.27 becomes
∆K th = λ

(a

a0 )

(2.29)

As mentioned in the previous section, Jones et al. [67] in Region I and the lower portion of
Region II, presented crack growth data in D6ac steel and a range of rail steels and showed
that da/dN is not a unique function of ∆K and K max . Using the same data, they also showed
that crack growth essentially conformed to the Generalised Frost-Dugdale equation. Figures
2.9 & 2.10 present an example of crack growth data for D6ac test data plotted using a
similitude equation and the non-similitude Generalised Frost-Dugdale equation from Jones et
al. [67].

Figure 2.9: Crack growth data for a D6ac Steel specimen represented by a similitude equation
[67]
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Figure 2.10: Crack growth data for a D6ac Steel specimen represented by the Generalised
Frost-Dugdale equation [67]

2.8.2 Hartman-Schijve equation
The Paris equation, which relates da/dN to the SIF range, is valid in Region II of a typical
fatigue crack growth curve. This formulation was modified by Forman et al [47] in 1967, to
account for fracture toughness, K c , to model crack growth in Region III as shown in Equation
2.17.

In 1968, Hartman & Schijve [76] suggested that fatigue crack propagation was a function of
both the stress intensity factor and threshold stress intensity factor below which a crack will
not grow and therefore modified the Forman equation as follows:
da D* (∆K − ∆K th )
=
dN ((1 − R )K c − ∆K )
α

(2.30)

where D* is a constant for a given value of R, and α is a constant.
A further development of the Forman formulation was presented by Forman & Mettu [98] in
1992 and is termed the Nasgro equation (see Equation 2.21). The Nasgro equation
incorporates all the regions of a crack growth curve (from ∆K th to ∆K crit ) and allows for closure
effects.

40

Jones et al. [77] then used the concept of da/dN depending on (∆K-∆K th ) to propose a variant
of the Nasgro equation called the Hartman-Schijve-McEvily equation viz:


∆K − ∆K thr
da
= D

dN
K
 1 − max
A









α

(2.31)

where K max is the maximum value of the stress intensity factor, D and A are constants. Here,
constant A may be considered to represent an apparent fracture toughness which may differ
from the fracture toughness obtained from static testing. The role of the denominator in
equation 2.31 is to ensure that crack growth rate da/dN becomes infinite when K max equals A,
the apparent fracture toughness.
Here, α is a constant determined from the slope of da/dN vs [∆K − ∆K thr

(1 − K max A)] and is

generally approximately 2. In this formulation, A and ∆K thr are generally chosen so as to best
represent the experimental data. This formulation follows from the Nasgro equation by setting
m = p and q = p/2, as explained in Jones’s review paper [59].
It was also noted in [59] that ∆K thr is not the same as ∆K th which ASTM E647 test standard
suggests being the value of ∆K at a crack growth rate da/dN of 10-10 m/cycle. Instead it is
chosen so that when ∆K = ∆K thr, da/dN = 10-10 m/cycle as suggested by the ASTM E647
standard. ∆K thr is a function of material, thickness, R-ratio and crack length although it has
been reported that for small cracks ∆K thr is a small constant that is independent of R-ratio for
a large range of aluminium, steels and titanium alloys.

Jones et al. [77] investigated long crack growth data from a range of aerospace aluminium
alloys and rail steels materials at various R-ratios and concluded that the data conformed to
the Hartman-Schijve-McEvily equation, i.e. Equation 2.31 with α ≈ 2. Jones et al. [55, 77]
also showed that Equation 2.31 was a valid representation of short cracks in 7050-T7451
aluminium alloy and that in this instance, the threshold value was typically 0.18 in comparison
to threshold values of typically 1.5 - 2.5 for long cracks.

This finding was particularly important as it suggested the possibility of using long crack
growth data to predict small crack growth by setting the threshold to a small value.
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Figures 2.11 & 2.12 from Jones et al. [55] show a comparison of the short and long crack
growth data for 7050-T7451. Figure 2.11 shows the data presented in the conventional da/dN
vs ∆K from which the short crack effect can be seen. Figure 2.12 shows the data plotted as
da/dN vs [∆K − ∆K thr

(1 − K max A)] as per the Hartman-Schijve-McEvily equation (Equation

2.31).

Figure 2.11 Comparison of the da/dN versus ∆K for short and long cracks in 7050-T7451
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Figure 2.12 Comparison of da/dN vs [∆K − ∆K thr

(1− k max A)] (as per HSM equation) for long

and small cracks in 7050-T7451

In this thesis, the applicability of the Hartman-Schijve-McEvily variant of the Nasgro equation
has been investigated for assessing the growth of short cracks in welded automotive grade
steels.
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2.9 Numerical Analysis of Fatigue Crack Growth
With the increase in popularity of fatigue analysis of a number of engineering components
and structures, numerous analytical and numerical softwares/models have been developed to
generate Stress Intensity Factors in a rather quick and accurate way to be used for crack growth
predictions. This section will present an overview of three models: FASTRAN II, NEiLIFE3D and MISS.

It should also be noted that NEi-LIFE3D (which was available to us to use in this research)
had a limitation for specimens with notches whereby accurate results would be generated for
cases with round notches with finite radius compared to sharp notches. Consequently in this
research, the pure FEA method (see section 2.3.2) was used to determine SIF to be used for
crack growth predictions.

2.9.1 FASTRAN II
FASTRAN II, which is an update of the crack growth computational code FASTRAN, is a
fatigue life prediction code based on the crack-closure concept. It was developed by Newman
[51] who incorporated an extended formulation of the Dugdale model also known as the strip
yield model to include crack face closure. The strip yield model accounts for the effect of
plastic zone at the tip of the crack. The model calculates the crack-opening stress as a function
of applied stress history. The crack-opening stress is calculated each time the crack has grown
an increment set at 20% of an appropriate cyclic plastic-zone size, ω. Once the opening crack
stress is determined, it can be used in Newman’s crack growth equation to calculate the
effective stress intensity factor as shown below.


∆K th
C2 
C1∆K eff
1−
 ∆K
da
eff

=
dN
 K max 
1 −

C5 







(2.32)

where the effective stress intensity threshold, ΔK th is given by

∆K th = C3 (1 − C4 R )

(2.33)
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and the effective stress intensity factor range, ΔK eff is given by

∆K eff = (σ max − σ op ) πa ∗ F

(2.34)

where σ op is the crack opening stress, a* is equal to the current crack length plus the crack
growth rate da/dN. C 1 – C 5 are constants used in the FASTRAN crack growth equation.

2.9.2 NEi-LIFE3D Package
The NEi-LIFE3D package [84] uses analytical and weight function techniques to estimate the
SIF associated with 2D and 3D flaws. It is a modification FASTRAN II code in that it allows
for both the original FASTRAN equation, the Nasgro equation and the Generalised FrostDugdale crack growth equation viz:

1−

da
 a
= C1  * 
dN
a 

c2
2

(∆K )

c2

eff

  ∆K  2 
1 − 
0  
  ∆K  
eff 

 
2
  K max  
1 − 

  C 
5




(2.35)

where C 1 and C 2 and a* are the material fatigue crack growth parameters, and C 4 are the
threshold constants, C 5 is the cyclic fracture toughness, ‘a’ is the crack length, ∆K eff is the
effective stress intensity factor, ∆K 0 is the effective stress intensity factor threshold.
NEi-LIFE3D package consists of three programs: 3dgriddisp, 3dgridstress and the main NEiLIFE3D. The first two programs are used to create the input data files required for NEiLIFE3D. For instance 3dgridstress first determines which elements are on the crack face. It
then generates approximately 300 gauss points on the crack face and uses these to determine
the stress intensity factors around the crack. The SIF at the deepest part of the crack and the
SIF at the surface are then computed. This step is performed for every crack possible
configuration that lies within the solution space as defined by the user, who specifies the
boundaries of the flaw sizes to be considered.
This array of SIF is then used to create a surface and the coefficients of this polynomial, which
describes how the SIF field varies within the solution space, are sent to NEi-LIFE3D to
compute the fatigue life.
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The benefits of this package is that it requires only one finite element analysis, i.e. that of an
un-cracked structure with a relatively coarse mesh, compared to pure FEA which requires at
least four elements over the crack which needs this solution process to be repeated for each
crack shape and which can lead to extremely fine mesh refinement for small cracks of micron
sizes

2.9.3 Mesh-Insensitive Structural Stress approach (MISS)
This approach was proposed by Dong et al. [85, 86] to model fatigue cracking in welds,
whereby mesh independent consistent force and moment distributions along the weld line are
calculated using discrete nodal forces and moments.

This approach was tested for MIG welds which were modelled as plate/shell elements in a
global analysis model and the nodal forces were captured using a linear static analysis. Using
the argument that the work done by the nodal forces is equal to the work done by the line
forces and moments along the weld line, those nodal forces are converted to distributed forces.
The line forces and moment forces obtained are claimed to be mesh-independent. The next
step was to transform the complex geometry and loading from the global analysis model to a
local analysis model where remote loads (membrane and bending) or structural stresses at the
node under consideration can be obtained from the mesh-independent line force and moments.

Stress intensities in the region of short crack growth are considered using a modified nonsimilitude version of Paris equation, which Dong [85, 86] refers as a ‘two-stage growth law’
viz:

da
n
m
= C (M kn ) (∆K )
dN

(2.36)

where m corresponds to the Paris equation exponent and the exponent n (usually taken as n=2)
unifies the short crack growth rate induced by notch effects with long crack growth and M kn
is the stress intensity magnification factor (M kn = K notch K n ) . K n is based on the through
thickness membrane and bending loads.
An advantage of this approach is shown in Figures 2.13 & 2.14, where Dong revealed that it
collapses the different crack growth curves onto a single curve, see Figure 2.15.
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Figure 2.13: Consolidation of steel crack growth data for various specimen types and notch
geometries using current notch stress intensity solutions presented as da/dN vs. nominal ΔK
range. (Dong [85])

Figure 2.14: Consolidation of steel crack growth data for various specimen types and notch
geometries using current notch stress intensity solutions presented as the two-stage growth
law. (Dong [85])

2.10 Conclusions
This chapter has presented a brief review of the vast research that has been undertaken in the
field of fatigue. The effects of various factors such as residual stresses, mean stress, threshold
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and closure effects have been briefly discussed. However a major factor which has raised
recent attention is the short crack growth anomaly. This phenomenon implies that the
similitude hypothesis is invalid in Region I and consequently the popular Paris equation and
its variants cannot be used to predict the growth of short cracks that grow from small naturally
occurring material discontinuities. This has led to the development of new non-similitude
based crack growth equations such as the Generalised Frost-Dudgale equation and a variant
of the Nasgro equation which is termed the Hartman-Schijve-McEvily equation. This thesis
will study the applicability of these equations to characterise the growth of short cracks in
welded automotive grade steels.
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Chapter 3: Experimental Method
3.1 Introduction
This chapter involved generating experimental data which will be used to compute the stress
intensity factors which will be used to evaluate the capability of the Generalised FrostDudgale and the Hartman-Schijve-McEvily crack growth equations to assess crack growth in
MIG welded Xtraform400 (XF400) and HA350 automotive grade steels. To this end, three
sets of experiments were conducted using the ASTM E647 K-increasing test procedure:
1. Constant amplitude fatigue tests on 3.5 mm thick XF400 V-notched plates for constant
mean stress, σ mean , and different R-ratios (R = 0.25, 0.4 and 0.5)
2. Constant amplitude fatigue tests on 3.5 mm thick XF400 V-notched plates for constant
maximum stress, σ max , and different R-ratios (R = 0.2 and 0.4)
3. Constant amplitude fatigue tests on 8 mm thick HA350 V-notched plates for mean
R-ratio, R = 0.2
To examine the weld quality and crack growth effects, a qualitative thermographic
examination was also performed on selected test specimens while they were undergoing cyclic
loading.
This chapter presents the processes and methodologies used in this experimental study.
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3.2 Material Selection
The materials chosen for this investigation relate specifically to automotive construction. Two
Australian steels examined, namely hot rolled Xtraform400 and hot rolled HA350. These
steels were chosen since they were used by the local automotive company, General Motors
Holden. Table 3.1 below shows the properties of each of the materials:

Table 3.1 Material Properties for the steel grades to be used in this research
XtraForm 400
Typical uses
Dimensions (mm)

Automotive components
and gas cylinders

HA350
Structural Sections,
Chassis

2400 x 1200 x 4

2400 x 1200 x 8

Yield Strength (MPa)

380

350

Tensile Strength (MPa)

460

430

Carbon (C)

0.090

0.110

Manganese (Mn)

0.850

0.600

Silicon (Si)

0.010

0.015

Phosphorous (P)

0.020

0.020

Sulphur (S)

0.008

0.015

Aluminium (Al)

0.050

0.040

Mechanical Properties

Chemical Properties (%)
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The welding consumable chosen for welding was the commonly available 1.2 mm diameter
Autocraft LW1-6 with properties as shown in Table 3.2.

Table 3.2 Welding consumable properties to be used in this research
Autocraft LW1 -6
Mechanical Properties (Shielding gas:
(1)Argon + 10-25% CO 2 OR (2)Welding
grade CO 2 )
•

Yield Strength (MPa)

(1) 450

(2) 410

•

Tensile Strength (MPa)

(1) 550

(2) 525

Chemical Properties (%)
•

Carbon (C)

0.070

•

Manganese (Mn)

1.550

•

Silicon (Si)

0.880

•

Sulphur (S)

0.012

•

Phosphorous (P)

0.015

Wire Diameter (mm)

1.2

Voltage range (V)

18 to 32

Current range (A)

120 to 350

Travel speed (m/min)

2.5 to 15
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3.3 Specimen Preparation
The specimen geometry chosen was that of a V- Notched plate, partly due to its easiness in
modelling, manufacture and testing as well as partly due to the scarceness of investigations
from literature on V-notches on welded specimens. The technical drawings of V-notched plate
specimens used in the research are shown in Figures 3.1 – 3.4 below.

Figure 3.1: Preparation for Welding (4 plates of 460 mm x 100 mm)

Figure 3.2: Welding Instruction of 2 plates with a 2 mm gap (similar for other 2 plates)
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Figure 3.3: Strips cutting Instruction for a welded pair of plates

Figure 3.4: Notch preparation and finishing for a strip
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Two 200 mm long, 150 mm wide and 4 mm thick XF400 steel plates were semi automatically
welded together along the length. The plates were set 2 mm apart and manually MIG welded
using Autocraft LW1-6 as filler material. Welding was conducted at room temperature using
an adapted rig with a controlled moving arm to which a welding torch from UNIMIG 375
Compact Workshop Series MIG welder is attached. Figure 3.5 below shows the welding
setup.

Welding
torch

Controlled
moving rig

Figure 3.5: Semi-automatic welding procedure
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200 mm x 25 mm x 4 mm samples were cut (using band saw) from the welded plate and each
sample was machined, surface ground and polished to achieve a 3.5 mm thick smooth surface
as shown in Figure 3.6. A 0.5 mm deep V-notch was then cut on one side of each sample as
shown in Figure 3.7. Samples were oiled and stored to prevent corrosion. Prior to testing,
samples were washed and cleaned with acetone.

Figure 3.6 Sample after machining and polishing

Figure 3.7 Sample with 0.5 mm deep V-notch
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3.4 Fatigue Experimental Procedure
ASTM E647 states that the test procedure described above are appropriate for fatigue crack
growth rates above 10-8 m/cycle. When the loading variables are changed during a Kincreasing procedure, potential problems arise from several types of transient phenomenon.
The ASTM standard proposes several techniques to minimise or eliminate these transient
effects:
- If the force range is to be incrementally varied, it should be done such that P max is
increased rather than decreased to preclude retardation of crack growths caused by
overload effects.
- When changes to force level or test frequency are done, sufficient crack extension
should be allowed between changes to enable the growth rate to achieve a steadystate value.
The experimental parameters chosen for the experiments are shown in Tables 3.3 & 3.4 below.
Table 3.3 Experimental Parameters for welded XF400
No

of

Max

Min

Fre

samples

Stress

Stress

∆ Stress

tested

(MPa)

(MPa)

(MPa)

6

335

67

268

24.5

3.4

0.2

6

268

67

201

25

3.5

6

335

134

201

24.5

6

402

201

201

24.5

Average Dimensions (mm)

Width

F min

F max

q

(KN)

(KN)

(Hz)

23.6

5.6

28

5

0.25

17.7

5.8

23.5

5

3.3

0.4

17.8

10.8

27

5

3.5

0.5

17.5

17.5

35

5

Thickness

R

Amplitude

Table 3.4 Experimental Parameters for welded HA350
No

of

Max

Min

samples

Stress

Stress

∆ Stress

tested

(MPa)

(MPa)

(MPa)

Width

310

62

248

40

4

Fre

Average Dimensions (mm)

Thickness

7.6

R

0.2

F min

F max

q

Amplitude

(KN)

(KN)

(Hz)

75.4

18.9

94.3

7

A static tensile test was conducted on a 50 mm wide XF400 un-welded sample to verify the
manufacturer’s claim of a tensile strength of at least 460 MPa. As shown in Figure 3.8 below,
static tensile test returned a tensile strength of 461 MPa.
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Stress vs Strain for 4mm thick Extraform 400
500
Stress vs Strain

450
400

Stress (MPa)

350
300
250
200
150
100
50
0
0

2

4

6

8

10

12

Strain (%)

Figure 3.8: Static tensile test on 50 mm wide and 3.5 mm thick XF400 steel plate

3.5 Measurement and monitoring of crack propagation
Constant amplitude (5KN-36KN) tests were performed on welded XF400 specimens using a
50KN load cell Instron Machine. Testing was stopped and the sample removed every 5000
cycles and placed under a microscope in an attempt to capture an image of the crack. The
main problem associated with this method was that it was very time consuming to reposition
the sample back as accurately as before in the test machine and that a new calibration had to
be obtained every time to quantify the size of the crack as captured by the microscope.
Nevertheless, 2 samples at 2 different R-ratios were tested mainly to get an idea of the time to
crack initiation and the time to propagate to 3 – 4 mm. This testing was performed to enable
a tuning of the testing parameters for future tests. Test parameters for the 2 samples as well as
some of the resultant microscope pictures are shown in Figures 3.9 – 3.10 below.
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10000 cycles

60000 cycles

Figure 3.9: Microscope pictures for 3.5 mm thick sample at R-ratio 0.2 at different cycles
(no crack)

70000 cycles

73000 cycles

Figure 3.10: Microscope pictures for 4 mm thick sample at R-ratio 0.2 at different cycles
(cracked)
From Figures 3.9 & 3.10, it can be seen that at a R-ratio of 0.2 (high amplitude) and cycling
frequency of 6 Hz, the specimen was still uncracked at 60000 cycles. At 70000 cycles a 2 mm
long crack was noticed and at 73000 cycles the crack propagated to a length of approximately
4.5 mm. From this test, it was concluded that it would be better to start with a higher R-ratio
(smaller amplitude) so as to obtain slower crack growths. It was also suggested that the cycling
frequency be decreased if possible due to the relatively small table top Instron machine
experiencing high vibrations at high cycling frequencies.
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Therefore the second specimen was tested at an R-ratio of 0.4 and the cycling frequency was
reduced to 5 Hz and results are shown in Figures 3.11 & 3.12 below.

zero cycles

100000 cycles

Figure 3.11: Microscope pictures for 4 mm thick sample at R-ratio 0.4 at different cycles
(no crack)

100 x

200 x

200 x

170000 cycles

176000 cycles

182000 cycles

Figure 3.12: Microscope pictures for 4 mm thick sample at R-ratio 0.4 at different cycles
(cracked)

From Figures 3.11 & 3.12, it can be seen that cracks were detected around 170,000 cycles but
it was difficult to focus on a ruler (for calibration purposes) as well as on the crack surface
when using a 200 x magnification in the microscope. Based on the known size of the notch to
be 0.5 mm, the crack was estimated to be between approximately 0.5 mm – 1 mm long at
182000 cycles. The test was stopped due to the inability to accurately measure the crack
lengths.
It was concluded that, for the remaining samples, a better methodology for capturing the crack
length was required. To this end, 2 digital cameras capable of accurately measuring cracks up
to 0.1 mm were proposed and a rig was designed and manufactured, see Figure 3.13.
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Camera 2

Camera 1

Figure 3.13: Digital Camera mounted across either side of test specimen

The cameras were calibrated using a 2 mm x 2 mm grid placed on the sample and the cameras
were adjusted and focussed to get a clear picture of the grid. The image was post processed in
IrfanView 4.0 imaging software and the XY coordinates of 2 corners of the grid were used to
calculate the number of pixels corresponding to 2 mm. During testing, the cameras were not
moved and testing could be easily paused and photos of the crack surface taken. This method
proved to be effective to measure crack growths. A detailed procedure for camera calibration
and image post processing can be found in Appendix A.
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3.6 Experimental Output
Table 3.5 presents a sample of raw data extracted and post processed to obtain crack lengths
vs. number of cycles from the images taken during a test.
Table 3.5: Crack length results for sample A02
Total
Cycles
329000
327000
325000
320000
315000
310000
305000
300000
295000
290000
285000
280000
275000
270000
265000
260000
255000
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000

X1
675
639
617
576
543
514
497
471
452
432
419
407
401
396
388
374
367
361
348
334
325
320
308
304
295
287
280
276
265
260
252
249

Camera 1
X2
Y1
Y2
459 242 405
451 242 405
448 242 405
448 242 405
444 242 405
349 242 405
433 242 405
426 243 405
426 243 405
418 243 405
417 243 405
415 242 404
415 242 404
415 241 402
411 241 402
410 241 402
407 241 402
407 241 402
409 241 401
377 232 376
378 232 376
381 233 375
380 233 375
379 233 375
383 233 375
382 233 375
378 233 375
378 233 375
378 233 375
379 233 375
380 233 375
379 233 375

Pixels
436.4
399.7
377.5
336.8
303.5
277.7
256.5
229.0
210.1
189.4
176.4
165.4
159.4
155.5
147.3
133.2
126.1
120.1
107.3
102.0
93.0
87.2
75.2
71.1
62.5
54.5
47.1
43.1
32.1
27.3
19.6
16.5

Crack Length
(mm)

2.4613
2.2543
2.1291
1.8995
1.7120
1.5664
1.4470
1.2915
1.1848
1.0686
0.9950
0.9328
0.8990
0.8774
0.8307
0.7516
0.7113
0.6775
0.6052
0.5754
0.5247
0.4919
0.4240
0.4011
0.3526
0.3071
0.2656
0.2431
0.1813
0.1540
0.1108
0.0930
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X1
127
161
176
225
261
290
321
349
376
396
417
428
448
458
471
484
494
508
520
537
557
548
554
560
562
564
571
579
593
599
614
619

X2
418
408
406
405
408
402
401
396
388
384
384
386
381
387
386
391
392
390
393
364
364
374
375
373
373
376
378
378
379
387
383
385

Camera 2
Y1
Y2
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
627
383
621
371
621
371
619
374
619
374
619
374
619
374
619
374
619
374
619
374
619
374
619
374

Pixels
501.2
466.7
451.6
402.6
366.9
337.5
306.5
278.3
251.0
231.0
210.0
199.0
179.0
169.0
156.0
143.2
133.3
119.2
107.5
92.0
72.5
73.1
67.1
59.0
57.0
55.0
48.2
40.2
26.5
23.9
10.3
11.0

Crack Length
(mm)

2.6480
2.4655
2.3858
2.1270
1.9381
1.7832
1.6194
1.4703
1.3263
1.2204
1.1095
1.0515
0.9457
0.8931
0.8243
0.7567
0.7043
0.6298
0.5678
0.4860
0.3832
0.3860
0.3546
0.3117
0.3012
0.2908
0.2545
0.2124
0.1399
0.1260
0.0544
0.0581

3.7 Qualitative Thermographic Inspection
The preliminary tests also involved the use of an Infrared camera while manually welded 50
mm wide samples were undergoing cyclic loading to examine the crack propagation. The
Infrared camera setup is shown in Figure 3.14 below.

Figure 3.14: Infrared Camera Setup
The data obtained was used qualitatively to highlight the welded region of the sample as well
as regions of peak stress at the notch and areas of the weld which were defective as shown in
Figures 3.15 & 3.16 below.

Figure 3.15: 3.5 mm thick sample at R-ratio 0.2 showing stresses at crack tip
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Figure 3.16: 3.5 mm manually welded samples at R-ratio 0.4 showing stresses at crack tip,
weld zone & defects in weld
From Figure 3.15 the location of the crack tip can be identified by the region of high stresses
at the crack tip. Figure 3.16 shows the thermographic image obtained from a manually welded
sample. The weld zone (different colour variation) as well as regions of high stresses in the
weld zone indicating potential defects in the weld can be seen.
A second test using the infrared camera was also performed on the semi-automatically welded
samples. Figures 3.17 & 3.18 below, show a relatively uniform thermal stress contours in the
weld region (except near the crack tip), which suggests the absence of significant welding
defects from the semi-automatic process. The figures also show that as the crack length
increases, the stresses near the crack tip also increases.

Crack tip

Figure 3.17: Local thermal stress contours after 150,000 cycles and a crack length of 0.56
mm
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Crack tip

Figure 3.18 Local thermal stress contours after 228,000 cycles and a crack length of 9.2 mm

It was therefore suggested that the infrared camera could be used as a non-destructive
technique to monitor weld quality and to check for defects in the welds prior to testing.
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Chapter 4: Experimental Results
4.1 Introduction
From the methodology described in Chapter 3, the images of surface near the crack tip,
captured during experiments were post-processed to generate crack length data at various
number of cycles and this Chapter presents the results obtained at 4 R-ratios (R = 0.2, R =
0.25, R = 0.4 and R = 0.5) for MIG welded XF400 and also for HA350.
Following the fatigue experiments, the samples were fractured and cut to expose the crack
surface which was analysed using a high magnification optical microscope in an attempt to
determine the nature of the initiating defect for subsequent use in Finite Element Analysis.

4.2 Fatigue test results from constant amplitude loading

4.2.1 3.5 mm thick MIG welded XF400 at R = 0.2, 0.25, 0.4 and 0.5
Figures 4.2 – 4.4 presents the results for tests performed on 3.5 mm thick MIG welded XF400
at R-ratios, 0.25, 0.4 and 0.5 for constant ∆σ = 201 MPa and σ max = 268 MPa, 335 MPa and
402 MPa respectively.
Figures 4.1 & 4.3 presents the results for tests performed on 3.5 mm thick MIG welded XF400
at R-ratios, 0.2 and 0.4 for constant σ max = 335 MPa and ∆σ = 268 MPa and 201 MPa
respectively.
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Figures 4.1 (a) – (d): Measured crack length histories for 8 different cracks at R = 0.2,
σ max = 335 MPa and ∆σ = 268 MPa

From the results of the tests conducted at σ max = 335 MPa, ∆σ = 268 MPa at R = 0.2, it can be
seen that all cracks were detected after ~ 30000 cycles with an approximate surface length of
0.1 mm. The results also show that 2 cracks (on either side of the specimen) were initiated and
propagated as separate cracks until ~ 1.5 mm long when they merged and grew as a through
crack. In this instance, it took approximately 90000 cycles for the crack to grow to ~1.5 mm.
After a further 10000 cycles the cracks had grown to a length of ~ 3.0 mm.
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Figures 4.2 (a) – (c): Measured crack length histories for 6 different cracks at R = 0.25,
σ max = 268 MPa and ∆σ = 201 MPa

Figure 4.2 shows a similar trend to the tests conducted at R = 0.2, whereby it can be seen that
2 cracks (on either side of the specimen) were initiated and propagated as separate cracks until
~1.25 mm long when they merged and grew as a through crack. This was more apparent in
Figure 4.2(a) compared to Figure 4.2(b) & (c) which is partly due to discrepancies in the
surface finish of the specimens which made the detection of the crack tips it a bit unclear. This
could also be partly due to slight discrepancies in the weld region which affects the path of
the crack. In this instance, it was seen that all cracks were ~ 0.12 mm after 80000 cycles and
grew to a length of ~1.5 mm after ~250000 cycles.
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Figures 4.3 (a) – (d): Measured crack length histories for 8 different cracks at R = 0.4,
σ max = 335 MPa and ∆σ = 201 MPa

Figure 4.3 shows the cracks growth data for 8 different cracks (from 4 specimens) at σ max =
335 MPa, ∆σ = 201 MPa at R = 0.4. For all 4 specimens, it can be seen that 2 cracks were
initiated at each side of the specimen and grew as individual cracks before they merging later
on to a through crack. This is more apparent in Figures 4.2 (b) – (d). As explained before, the
inconsistency in the crack detection size and growth can be due to the surface finish of the
specimen and some slight inconsistency in the weld region.
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Figure 4.4 (a) – (c): Measured crack length histories for 6 different cracks at R = 0.5, σ max
= 402 MPa and ∆σ = 201 MPa

From the results of the tests conducted at σ max = 402 MPa, ∆σ = 201 MPa at R = 0.5, it can be
clearly seen that 2 cracks (on either side of the specimen) were initiated and propagated as
separate cracks until ~1.5 mm long when they merged and grew as a through crack as reported
in the previous experimental results. In this instance, the cracks were first detected at a size of
~0.08 mm at ~40000 cycles. After ~130000 cycles the cracks propagated to a length of ~1.5
mm. In all cases, once the crack length of 1.5 mm was reached, it took a further ~ 20000 cycles
before the crack had rapidly propagated to ~3.0 mm long.
In each case, it can be seen that crack growth conformed to the Frost-Dugdale equation in that
there was a near linear relationship between ln(a) and the number of cycles, N.
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4.2.2 8 mm thick MIG welded HA350 at R = 0.2
Figure 4.5 presents the results for tests performed on 8 mm thick MIG welded HA350 at Rratio, R = 0.2, ∆σ = 248 MPa and σ max = 310 MPa.
10.0
D1 - Crack A

D2 - Crack A

D1 - Crack B

D2 - Crack B

Crack Length, a (mm)

Crack Length, a (mm)

10.0

1.0

0.1

1.0

0.1

0.0

0.0
0

50000

100000

150000

0

200000

50000

100000

150000

200000

250000

Cycles, N

Cycles, N

(a)

(b)
10.0

10.0

D4 - Crack A

D3 - Crack B

Crack Length, a (mm)

Crack Length, a (mm)

D4 - Crack B

1.0

0.1

0.0
0

50000

100000

150000

1.0

0.1

0.0

200000

0

50000

100000

150000

200000

250000

300000

Cycles, N

Cycles, N

(c)

(d)

Figures 4.5 (a) – (d): Measured crack length histories for 8 different cracks at R = 0.2, σ max
= 310 MPa and ∆σ = 248 MPa

Similarly to tests results from the 3.5 mm thick welded XF400 specimens, results for the 8
mm thick MIG welded HA350 also showed that 2 cracks (on either side of the specimen) were
initiated and propagated as separate cracks and in each case, it can be seen that crack growth
conformed to the Frost-Dugdale equation in that there was a near linear relationship between
ln(a) and the number of cycles, N.
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4.3 Crack surface geometry appearance
An analysis of the appearance of the fracture surfaces (fractography analysis) following the
experimental study was conducted in an attempt to determine an indicative shape of the crack
geometry to be used for Finite Element Analysis. A high magnification optical microscope
was used to examine the fracture surfaces. Whilst the fracture surfaces were such that it was
very difficult to see the crack geometry, a combination of the experimental crack growth data
and some apparent band marks on the fracture surface indicated that the initial crack geometry
appeared to have a near quadrant shape. Some pictures of the crack surfaces are shown in
Appendix D.

4.4 Conclusion
Experimental results presented in this chapter showed that for each test specimen, 2 cracks
initiated at each corner of the sample and grew as 2 individual corner cracks to a length of
approximately 1.5 mm after which the cracks merged and grew as a through thickness crack.
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Chapter 5: Stress Intensity Factor
(SIF) Solutions using Finite Element
Analysis (FEA)
5.1 Introduction
To assess the structural integrity of automotive welded components, it is essential to assess
the fatigue life of the component against the required design life of the vehicle to decide upon
its replacement, repair or continual use. Using the concepts of fracture mechanics and LEFM,
it has been well established that fatigue crack growth can be related to the SIF which is
obtained by analysing the stress field near a crack tip [1].

In general the SIF depends on the applied stress, crack size and geometry as in Equation 5.1:
K = σ πa . f ( g )

(5.1)

where f(g) is the crack geometry correction factor.

A number of SIF analytical solutions for typical crack geometries, such as an embedded crack
in a plate, surface and through crack in the centre and edge of a plate, can be obtained in
technical handbooks [2, 3]. However, for geometries that have not been well established in
technical handbooks, numerical methods are required to obtain the SIF solutions. One of the
most popular and efficient methods is Finite Element Analysis (FEA). This approach is used
in this thesis due to the unavailability of analytical solutions for three dimensional corner
cracks emanating from V-notched test specimens. In this research, Equation 5.2 was used to
calculate the SIF solutions, taken from Williams et al. [12].

KI =

Ev
4(1 − υ ) 2

2π

(5.2)

l 

l 1 −

 2a 

where E is Young’s modulus, ʋ is Poisson’s ratio, v is the half crack opening displacement, l
is the distance from the crack tip and a is the crack half length or the crack length for edge
crack problems.
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5.2 Crack Tip Singularity
SIF solutions rely on the accurate calculation of the stress and displacement fields in the
vicinity of the crack tip. Irwin et al.[1] revealed that the stress field acting on an element near
a crack tip, in polar coordinates, has the form of:

σ ij =

KI
2πr

f ij (θ )

(5.2)

where K I is the mode I stress intensity factor, σ ij are the stresses acting on a material element
at a distance r from the crack tip and an angle θ from the crack plane and f ij (θ) are geometrical
functions of θ.
Chan [5] showed that when modelling LEFM problems, as the mesh is refined, the polynomial
based functions used for most isoparametric elements initially converge before eventually
diverging, thus making it difficult to represent the singular stress field.

Following Chan [5], a number of researchers [6 – 8] have successfully developed special finite
elements that include the stress singularity function but were not popular due to their
unavailability in commonly available FE programs.

The breakthrough in this area came in when Henshell et al. [9] and Barsoum [10] proposed a
simple model that involves moving the mid-side nodes in the vicinity of the crack tip to the
quarter point location to capture the crack tip singular stress field as shown in Figures 5.1 &
5.2. This procedure enables the shape functions commonly used to generate stress field
solutions in Finite Element methods to reflect the 1/√r singularity in the near tip stresses.
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Figure 5.1 Quadrilateral quarter point element

Figure 5.2 Collapsed quadrilateral quarter point element

Lim et al. [11] reported that if the number of quarter point elements surrounding the crack tip
is too small, it can lead to inaccurate modelling of the displacements and between six to eight
quarter point elements is considered reasonable. Lim et al. [11] also reported that numerous
investigators have recommended an optimal quarter point element size length ranging from
5% to 25% of the crack length.
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5.3 Finite Element Package
The Finite Element Analysis (FEA) is a discretization technique that allows for the
representation of a mathematical model into finite elements which are a series of points, called
nodes, discretely connected to make a grid, called a mesh. This mesh is programmed to contain
the material properties and constraints which define how the structure reacts to various loading
conditions. The FEA process is generally divided into 3 steps:

i.

Pre-Processing
In this step, the model geometry is created or obtained from other compatible
programs. The geometry material properties, constraints and loads are defined and the
model is meshed. Commercially available packages such as Abaqus, HyperWorks &
FEMAP are commonly used in this step.

ii.

Processing
In this step, the dataset from the pre-processor is exported to analysis software which
constructs and solves a set of linear or non-linear algebraic equations to form a
stiffness matrix based on the displacements and applied forces on the nodes. Popular
analysis software include NASTRAN, Ansys, Abacus, etc.

iii.

Post-Processing
In this step, the analysis results from the processing phase are interpreted. This is
commonly done by overlaying colour contours representing stresses or displacements
onto the model. As such most of the commercially available packages used in the preprocessing step also handle the post-processing part as well.
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In this research, FEMAP (version 10) and Nei-NASTRAN (version 10.0) were the software
packages used for pre-processing/post-processing steps and processing step respectively as
they had a number of key features, some of which are listed below:

i.

FEMAP is compatible with major Computer Aided Design (CAD) programs used
extensively in the automotive industry, i.e. CATIA, NX and SolidWorks. This would
therefore provide a platform for modelling complex components in the future.

ii.

FEMAP has the Application Programming Interface (API) interface which translates
keystrokes into a built-in code which can be modified and altered, thus allowing the
user to automate and speed up the modelling process. This feature was very useful in
this research when generating many numerical models of similar geometry but
different crack lengths.

iii.

FEMAP has simple functions that allow grouping, layering and visualisation of
elements which is useful when dealing with models that have a very refined mesh.
This enables the user to group the mesh around the area of interest for easy
visualisation or manipulation.

iv.

FEMAP allows for direct modification of the nodes coordinates which is useful for
modelling singularity (shifting mid node to quarter position). This works very well
with the grouping features mentioned in (iii) as it enables the user to group elements
in the vicinity of the crack tip.

v.

NEi-NASTRAN has a unique inbuilt function that permits the use of a virtual centre
node in a brick element which enables the use of high aspect ratio elements without
affecting the quality of the results.
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5.4 Finite Element Analysis (FEA)
As mentioned in section 5.3, FEMAP and NEi-NASTRAN were used to determine the SIF
solutions for a range of crack lengths in the welded V-notched SENT specimens. As with most
commercially available FE packages, meshing of 3-D cracked models can be a complex
exercise. This is because the mesh throughout 3-D models is generally not uniform depending
on the shape of the model. Additionally, to minimise computational analysis time whilst
maintaining numerical accuracy, a relatively coarse mesh is used throughout the models
except in the vicinity of the crack where a refined mesh together with singular elements at the
crack tip are required to capture the stress field.
This section presents an overview of the how the SIF solutions were obtained from FEA.

5.4.1 Assumptions in FE model
The following assumptions were made in the finite element analysis:

i.

The material is homogeneous, isotropic and linearly elastic.

ii.

The crack tip is subjected to Mode I only loads.

iii.

The weld material has no defects and crack grows in the weld material only (as per
experimental observations).

iv.

The crack front is in the shape of a quadrant of a circle

5.4.2 Model Creation & Analysis
The main aim of the FEA conducted in this research was to generate a SIF relationship for
short crack lengths which could then be used in conjunction with experimental results to
investigate the applicability of non-similitude crack growth equations discussed in section 2.7
and crack closure based crack growth equations discussed in section 2.6.4 to predict short
crack growth in welded automotive grade steel Xtraform 400. Therefore the Finite Element
models had to be representative of the specimens used in experiments. To get a better
understanding of the FEA conducted in this research, the process has been broken down into
7 steps as will be discussed below:
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Step 1: Representation of Experimental specimen to FE model

The specimens used in experiments were 200 mm x 25 mm x 3.5 mm with a 3 mm wide weld
zone along the width and a 0.5 mm deep V-notch centred in the weld zone width on one side
of the specimen as illustrated in Figure 3.4.

Due to symmetry of the specimens, FEA could be simplified by modelling a quarter of the
specimen (100 mm x 25 mm x 1.75 mm) and using symmetry constraints to represent the full
model.

Upon some preliminary FEA, it was found that the stresses on the plate at distances
approximately > 25 mm from the crack tip along the length of the specimen, were uniform
(see Appendix B). This suggested that the FEA could be further simplified by reducing the
effective length of the sample and consequently quarter models of 50 mm x 25 mm x 1.75 mm
were created.

Figures 5.3 shows the section from the full sample that has been modelled and Figure 5.4
illustrates the quarter model and constraints applied to represent the full model.

88

Y

X
Z

Figure 5.3 Illustration of section from full model to be modelled. (b) Quarter model with
symmetry constraints representing full model.
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Figure 5.4 Quarter model with symmetry constraints representing full model.
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Step 2: 3D Finite element model creation

As mentioned in section 3, experimental findings revealed that for all specimens tested, crack
growth occurred by two quadrant cracks initiated from the notch tip on either side of the plate.
The two cracks grew as individual corner cracks to ~1.5 mm before merging into a through
crack and the crack propagation occurred in the Weld zone only. Figure 5.5 below illustrates
an idealized crack geometry based on experimental observations.

Figure 5.5 Idealised crack geometry with 2 quadrant corner cracks propagating until 1.5
mm long until they merge to a through crack

Since we were explicitly modelling the crack geometry in the plane perpendicular to the
applied loads (i.e in the surface represented by the width and thickness), the 3-D models were
created by modelling a surface in the crack plane and extruding along the length. In order to
facilitate the alteration of mesh sizes near the crack tip to test for convergence, extra surface
boundaries near the crack were created. Figure 5.6 shows an example of the surfaces modelled
for a 0.5 mm crack configuration.

Figure 5.6: Surface for 0.5 mm crack configuration

As mentioned in the assumptions, the HAZ was not modelled and the 3D model was created
by extruding the surfaces along the length to create solids and slicing them at 1.5 mm from
the crack plane so that elements can be modelled with the weld material properties (refer to
section 3) in the weld region and with the parent material properties (see section 3) in the HAZ
and Base Metal region as illustrated in Figure 5.7 below.
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Figure 5.7: Representation of weld zone and parent material

Step 3: Meshing of the model

The analysis adopted the recommendation [12] that the near tip elements be approximately
1/15th the size of the crack length. This was possible by specifying the mesh size on the
boundaries (hence the extra surfaces in step 1) of the model so that a denser mesh in the crack
region as well as a specific element size at the crack tip could be obtained with little distortion
especially near the crack tip. The model was then meshed using ‘hexmesh solid’ in FEMAP
which is a 20 noded brick. Figures 5.8 & 5.9 show a 0.5 mm cracked model with a 0.025 mm
element size at the crack tip and coarser mesh away from the crack region.
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Figure 5.8: 0.5 mm crack model showing refined mesh near crack and coarse mesh
elsewhere.

Figure 5.9: 0.5 mm crack model showing refined mesh near crack (element size at crack tip
is 0.025 mm)

92

Step 4: Merging coincident nodes (to connect all the solids)

Whilst creating multiple solids from multiple surfaces is very handy to get a good mesh, the
downside is that the nodes on the touching surfaces have to coincide with each other in order
for the analysis to treat all the solids as one solid. This can be achieved by using a built in
function in FEMAP which can check for coincident nodes to a specified maximum distance
and merge them.

To avoid midside nodes being merged with corner nodes, it is important to set an appropriate
maximum distance to check for coincident nodes. Therefore, to be consistent and
conservative, the maximum distance to merge nodes was set at ¼ size of the smallest element
in the models used in this research.

Step 5: Creating singularity elements

As discussed in section 2.3.2, the singularity at the crack tip can be modelled by quarter point
elements. Using the FEMAP capability of allowing users to easily alter the nodes coordinates,
singularity elements along the crack edge was created by manually altering the coordinates of
the mid-side nodes to the quarter position as illustrated in see Figure 5.10(a) & (b).

Z

X
Y

Figure 5.10a: 1.0 mm crack model showing singularity elements in the X-Z plane
(highlighted in blue ovals) along crack edge (element size at crack tip is 0.1 mm)
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Figure 5.10b: 1.0 mm crack model showing singularity elements in the X-Y plane
(highlighted in blue ovals) along crack edge (element size at crack tip is 0.1 mm)

Step 6: Applying boundary conditions (constraints) and loads to the model

Once the mesh including singularity elements have been created, the boundary conditions
(constraints) and loads have to be applied to the model. In 3D models, all nodes in an element
has 6 degrees of freedom which are essentially the directions the node can move (Translations
T x , T y & T z and Rotations R x , R y & R z ). In order to relate the FE model to the physical model,
it is important to get the correct boundary conditions. As only a portion of the physical model
was created due to symmetry, boundary conditions based on symmetry were necessary
depending on the plane in which symmetry was set. For example if the model is symmetrical
about the Z-axis, then T z , R x , R y must be restrained whilst T x , T y & R z are free to move. In
order to prevent the model from ‘flying out of space’ when the load is applied, one point must
be fixed (all degrees of freedom restrained). Since the applied load is symmetrical, we can
assume that the point at the exact centre of the plate is stationary.

Since the top surface where the loads act contain multiple surfaces (due to Step 1 creation of
surfaces), it was easier to apply the load as Force/Area.

Therefore the boundary conditions on our models were created as illustrated in Figure 5.11:
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Figure 5.11: Boundary condition and loads

5.4.3 Validation of model
Currently, there are no available SIF solutions for corner cracks that emanate from V-notched
SENT specimens.

Newman et al. [13] have used finite element methods and weight function methods to develop
SIF equations (see Equations 5.3 - 5.5) for corner cracks emanating from a semi-circular
notch subjected to remote uniform stress (as shown in Figures 5.12 (a), (b), (c)) where the
ratio of specimen height to width was 1.5 and a/c ≤ 1.

95

φ=π/2

(b)

(c)

(a)

Figure 5.12 Definition of dimensions for (a) semi-circular notch specimen (b) corner crack
configuration (c) parametric angle [13]

12

 πa 
K = S   Fc
Q

(5.3)

where K is the stress intensity factor, S is the applied remote stress, a is the crack length, Q is
the shape factor given by Equation 5.4 and F c is the boundary correction factor given by
Equation 5.5.

a
Q = 1 + 1.464 
c

1.65

(5.4)

2
4

a
a 
Fc =  M 1 + M 2   + M 3    g 1 ⋅ g 2 ⋅ g 3 ⋅ g 4 ⋅ g 5 ⋅ f ϕ ⋅ f w
t
 t  


(5.5)

where the various terms in the boundary correction factor equation, Fc, are given in Appendix
C for the case a/t < 1 ; 1 < r/t < 2 ; (c + r)/w < 0.6 and 0 < φ < π/2.
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Therefore in order to validate the current methodology used in this research (see section 5.5.1),
it was decided that a similar procedure as in section 5.5.1 would be applied to create a 3D
model with corner cracks emanating from a semi-circular notch as per Newman et al. [13]
geometry configuration and comparing them to the analytical solutions obtained from using
Equations 5.3 – 5.5.

In section 5.5.1, it was mentioned that, in order to model the crack geometry, the 3-D model
had to be created by making a surface in the crack plane (i.e. thickness plane) and extruded
along the length. However, using this methodology to create a 3D model with corner cracks
emanating from a semi-circular notch would introduce ill-shaped elements (i.e. elements with
very large aspect ratio of typically > 100) in the region where the crack intersects the notch
boundary as shown in Figure 5.13.

Figure 5.13: Model that can introduce ill-shaped elements

Tan et al. [4] performed an investigation on the effect of ill-shaped elements on SIF solutions
and reported that models with ill-shaped elements gave lower stress intensity factors than
models without these elements.

It should be noted that Newman et al. [13] avoided ill-shaped (distorted) elements in their
model by using an offset where the crack front intersected the notch boundary, and used
pentahedral singularity elements along the crack front and 8-noded hexahedral elements
elsewhere.
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Consequently to validate the methodology proposed in section 5.5.1, instead of extruding the
crack plane surface directly in the length direction, the crack plane surface was extruded as a
disc and sliced to create the 3D model with corner cracks emanating from a semi-circular
notch. This produced a geometry that could be meshed using 20-noded brick elements
everywhere (with a denser mesh near the crack tip). The crack tip singularity can be created
along the crack edge by moving the mid-side node along the crack edge to the quarter points
as discussed earlier.

A 12 mm (L) x 8 mm (W) x 0.4 mm (t) 3D model with a semi-circular notch radius of 0.5mm
was created with a 0.2 mm x 0.2 mm corner crack emanating from the notch as illustrated in
Figures 5.14. A remote uniform stress of 268 MPa was applied and material properties were
taken as Steel with Young’s Modulus, E = 200,000 MPa and Poisson’s ratio, υ = 0.3. Three
mesh resolutions at the crack tip (0.02 mm, 0.01 mm and 0.005 mm) were investigated to
ensure the mesh size used was adequate to accurately obtain the SIF solution. Figure 5.15
shows the meshed model around the notch area with 0.01 mm element size at the crack tip
and Table 5.1 presents the results of the study into the SIF obtained using different size crack
tip element and the SIF developed by Newman et al. [13] in 1994.

Figure 5.14: Model that can prevent ill-shaped elements
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Figure 5.15: Meshing of 3D model with corner crack from semi-circular notch (crack length
0.1 mm and element size at crack tip 0.01 mm)

Table 5.1: Table showing the SIF solutions at a 0.1mm crack emanating from a semicircular notch specimen
K

% Difference between

% Difference to

(MPa√m)

subsequent mesh sizes

Newman equation

Newman equation [13]

10.31

-

-

0.02mm element size at crack tip

9.80

-

≈ 4.9%

0.01mm element size at crack tip

9.61

≈ 1.94%

≈ 6.8%

0.005mm element size at crack tip

9.47

≈ 1.46%

≈ 8.1%

From Table 5.1, it can be seen that SIF solutions calculated from the different mesh sizes
converges to a SIF of ≈ 9.5 MPa√m and is approximately 8% lower than the SIF predicted
using Newman et al. [13] empirical equations. It should also be noted that Newman et al. [13]
reported that the empirical equations results were within 5% of their Finite Element Model
results.

This suggests that the proposed methodology described in section 5.5.1 is acceptable for
generating SIF solutions for various crack lengths emanating from V-notched SENT
specimens.
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An interesting observation was made in this validation process in that as the mesh was refined,
the difference between FEA results and Newman et al. [13] solutions diverged slightly. This
could be due to the possibility that in 1994 (when those empirical equations were derived),
the computational abilities were limited and have advanced rapidly since. This could mean
that the element size near at the crack tip could have been coarser than the refined mesh sizes
in this study.

5.4.4 Stress Intensity factor results
Seven models with crack lengths (0.1 mm, 0.25 mm, 0.5 mm, 0.75 mm, 1.00 mm, 1.25 mm
and 1.5 mm) were investigated to produce a numerical SIF relationship with crack length for
MIG welded XF400. Table 5.2 presents the results for each crack length for a range of mesh
sizes to ensure convergence of the SIF solutions.
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Table 5.2: Table showing the SIF solutions for crack lengths from 0.1 mm to 1.5 mm
emanating from a V-notched SENT specimen
Crack

Ratio of element size Element size at

length

to crack length at

(mm)

crack tip

0.10

0.25

0.50

0.75

1.00

1.25

1.50

crack tip (mm)

K

% Difference from

(MPa√m)

subsequent mesh
sizes

1/10

0.01

7.01

-

1/15

0.0067

6.84

≈ 2.42 %

1/20

0.005

6.74

≈ 1.46 %

1/10

0.025

8.38

-

1/15

0.0167

8.27

≈ 1.31 %

1/20

0.0125

8.21

≈ 0.73 %

1/10

0.05

10.20

-

1/20

0.025

9.95

≈ 2.45 %

1/40

0.0125

9.74

≈ 2.11 %

1/10

0.075

11.61

-

1/15

0.05

11.47

≈ 1.21 %

1/22.5

0.0333

11.35

≈ 1.05 %

1/30

0.025

11.30

≈ 0.44 %

1/10

0.1

13.18

-

1/20

0.05

12.74

≈ 3.34 %

1/25

0.04

12.68

≈ 0.33 %

1/40

0.025

12.54

≈ 1.7 %

1/50

0.02

12.49

≈ 0.40 %

1/25

0.05

14.05

-

1/35

0.0357

13.86

≈ 1.35 %

1/50

0.025

13.74

≈ 0.87 %

1/15

0.1

15.70

-

1/30

0.05

15.30

≈ 2.55 %

1/50

0.03

15.02

≈ 1.83 %

1/60

0.025

15.00

≈ 0.13 %
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Figure 5.16: SIF vs crack length (from FEA)
By fitting a second order polynomial to the SIF solutions plotted against crack length as in
Figure 5.16, the maximum SIF for corner cracks emanating from V-notched welded Xtraform
400 automotive grade steel at ϕ = 0 (i.e. the surface crack length) can be expressed as:

K I (max) = −2.1366c 2 + 9.1829c + 4.9981

(5.6)

where K I(max) is the maximum SIF and c is the crack length along the width (as illustrated in
Figure 5.12(c)).

A similar numerical study was performed for 8 mm thick V-notched MIG welded HA350
and the following relationship between the maximum SIF vs. crack lengths at ϕ = 0 (i.e. the
surface crack length) for corner cracks was obtained:

K I (max) = −2.3128c 2 + 9.6602c + 7.2869

(5.7)

where K I(max) is the maximum SIF and c is the crack length along the width (as illustrated in
Figure 5.12(c)).

5.5 Conclusion
This chapter presented the methodology for obtaining SIF solutions from Finite Element
Analysis of a 3D model with quadrant cracks emanating from V-notched welded SENT
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specimens. The methodology was successfully validated by using a similar approach to create
quadrant cracks emanating from semi-circular notched SENT specimens and comparing the
results with empirical solutions from literature [13]. A SIF expression was subsequently
obtained by fitting a second order polynomial to the SIF data obtained for various crack
lengths ranging from 0.1 mm to 1.5 mm, which will be used in the next chapters for predicting
the crack length histories.
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Chapter 6: Fatigue Life Predictions
from Generalised Frost-Dugdale
(GFD) equation
The aim of this chapter is to review the Generalised Frost-Dugdale equation, which is a nonsimilitude crack size dependant based crack growth equation, and its applicability to predict
cracking for short cracks in welded automotive grade steels (namely XF400 and HA350).

6.1 Introduction
As discussed in the literature review, the common approach to fatigue crack growth prediction
uses the Paris crack growth equation and its variants which are based on the hypothesis of
similitude whereby crack growth is uniquely characterised by the SIF such that two different
sized cracks in the same thickness material with the same SIF range, ∆K, and maximum SIF,
K max , will grow at the same rate [1].

However, Forth et al. [2] conducted a series of laboratory tests on D6ac aerospace grade steel
as shown in Figure 6.1a for the ASTM E647 constant R load reduction test method and Figure
6.1b for ASTM E647 constant K max test procedure. Forth et al. [2] revealed that crack growth
rates typically < 10-8 m/cycle (essentially crack growth in Region I), da/dN is not a unique
function of ∆K, and as such this would appear to invalidate the similitude hypothesis in Region
1.
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Figure 6.1a Crack growth rate (da/dN) vs SIF range (∆K) for constant R = 0.1 load
reduction test method for D6AC Steel [from ref 2]

Figure 6.1b Crack growth rate (da/dN) vs SIF range (∆K) for constant K max = 22 MPa√m
for D6AC Steel [from ref 2]
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As discussed in section 2.5.1, from the literature review chapter, the work of Frost & Dugdale
predated that of Paris and co-workers. Frost & Dugdale [3] observed that for centre notch
panels under constant amplitude loading, crack growth rate was proportional to the crack
length (Equation 6.1). This finding has been reinforced by similar observations by other
researchers [4 - 8] as discussed in section 2.7.1, who have shown that crack growth can also
be expressed in the form:
Ln(a) = βN + Ln(ao ) or

a = ao e β N

(6.1)

where N is the fatigue life, β is a parameter dependent on geometry, load and material, a is the
crack depth at time N and a 0 is the initial flaw size.

Equation 6.1 can be expressed as:

da
= βa
dN

(6.2)

Frost & Dugdale [3] further added that for aluminium alloys and mild steel, β can be
approximated as:

β = λ∆σ 3

(6.3)

Therefore Equation 6.2 can be expressed as:

da
= λ∆σ 3 a
dN

(6.4)

where λ is an empirical constant derived from experiments.
Equation 6.2 suggests that the crack growth rate is proportional to the crack length and has
been successfully applied by Nisitani et al. [9] to represent small crack growth in Steel and
Iron-Silicon alloy for cracks sizes ranging from 10 microns to 2 mm.
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However Equation 6.4 in its present form is not applicable to a range of complex geometries
and stress fields due to the absence of a geometry correction factor in the model. As discussed
in section 2.5.2 in the literature review, the stress intensity factor range (∆K) approach to study
crack propagation is the basis of the commonly used Paris equation. One of the important
aspects of the ∆K formulation is that it includes a geometry correction factor which makes it
useful for solving complex geometries.

Therefore, to accurately predict fatigue crack growth for short cracks for a range of
geometries, a crack size dependant crack growth equation that accounts for geometry
correction factor was required. This ultimately led to the development of the Generalised
Frost-Dugdale (GFD) equation by Dr. Pitt from DSTO and was subsequently presented by
Barter et al. [10] Jones et al. [11, 12] viz:
 1− m

da
= C *a 
dN

*


2 

(∆κ )m

*

−

da
dN o

(6.5)

where C* and m* are constants, ∆κ is the crack driving force and (da/dN) o reflects both the
initial threshold and the nature of the initial defect.

The crack driving force , has been characterized by Kujawski [14] as:

( ( )K )

∆κ = ∆K

1− p

p
max

(6.6)

where p is an experimentally determined constant.

Equation 6.5 also resembles the fractal based crack growth equation proposed by Carpinteri
et al. [13] and has da/dN proportional to both ∆σm and the crack length a as per Polak et al.
[5] and Nisitani et al. [9]. A similar equation that relates crack growth rate as a function of
both ∆K and crack length was developed by Dong et al. [15].
Ding et al. [16] also proposed a crack growth equation similar to Equation 6.5. They
considered a crack to have a series of dislocations ahead of the crack tip, which they termed a
super dislocation, and that crack growth occurred as a result of the formation of micro-cracks
ahead of the crack tip.

Sih et al. [17], who presented an analytical solution for a flaw growing with a non-sharp notch,
also found that the similitude hypothesis does not hold in Region I and their non-similitude
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growth equation had the same form as the Generalized Frost-Dugdale equation for flaws that
ranged from near microns to approximately 10 mm.

6.2 Derivation of GFD equation for Sharp Cracks
As discussed in section 2.7.1, Noroozi et al. [19] derived a two parameter crack growth model
that considered the local stresses and strains at the crack tip by modelling the crack as a notch
with a small but finite tip radius. Jones et al. [11] have shown that by using the threshold stress
intensity range as a function of crack length which is given in the NASGRO user’s manual
[21], the two parameter crack growth model by Noroozi et al. [19] reduces to the GFD
equation viz:

(

da
(1− p ) ( 2 −γ ) / 2γ
a
= C * ∆K totp (K max,tot )
dN

)

γ

(6.7)

where C* is a material constant, K max,tot is the total maximum SIF, ∆K tot is the total SIF range
and p is the driving force constant.

This section shows that using first principles, the GFD equation can also be derived if the
crack tip is sharp and the crack tip singularity is described by the Hutchinson, Rice and
Rosengren (HRR) solution [22,23] which showed that the product of stress and strain is
inversely proportional to the distance from the crack tip in all materials.

In this case, the approach used by Glinka [24] to derive a fatigue crack growth equation was
considered whereby it was assumed that the local stress/strain fields at the crack tip conformed
to the HRR solution and that the material in front of the crack followed a Ramberg-Osgood
equation [25], viz:
ε/ε y = (σ/σ y ) + α (σ/σ y )N’

(6.8)

where ε y and σ y are the yield strain and the yield stress respectively, and α and N’ are
material constants.
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It was also assumed that:

1. Crack growth may be regarded as the increment of successive crack re-initiation over
a distance x*.
2. The number of cycles, N*, for material failure can be calculated from Manson-Coffin’s
strain/life relation [26].
3. Fatigue crack growth rate can be calculated as a ratio of x*/N*
With these assumptions the increment in the strain per cycle, Δε*, in the direction normal to
the crack at a distance x* in front of the crack tip can be expressed as:
1

N'

 E∆J  ( N '+1)
 E∆J  ( N '+1)
∆ε ∗ = C1  2 ∗ 
+ C2  2 ∗ 
 σ πx 
 σ πx 
 y

 y


Elastic Term

(6.9)

Plastic Term

where J is the J-integral and the increment in the stress can be expressed as:
1

 E∆J  ( N '+1)
∆σ ∗ = C3  2 ∗ 
 σ πx 
 y


(6.10)

where C 1 , C 2 , and C 3 are functions of strain hardening exponent N´ and the parameter α
[24]
Near the crack tip, the elastic terms can be neglected, so that we can approximate Δε* by
N'

 E∆J  ( N '+1)
∴ ∆ε ∗ = C 2  2 ∗ 
 σ πx 
 y


(6.11)

From the Coffin-Manson relationship [26], we see that
∆ε σ f
=
2N ∗
E
2
'

(

)

b

(

+ ε 'f 2 N ∗

)

c

(6.12)

Elastic Term Plastic Term
where ∆ε*/2 is the amplitude of plastic strain, σ 'f is the fatigue strength coefficient, ε 'f is
fatigue ductility coefficient defined by the strain intercept at 2N = 1, N is the number of
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strain cycles to failure, b is the fatigue strength exponent and c is the fatigue ductility
exponent.

Neglecting the elastic terms we see that
∆ε ∗
= ε 'f 2 N ∗
2

(

)

c

(6.13)

Rewriting Equation 6.13 in terms of N* we obtain
1

1  ∆ε ∗  c
N∗ =  ' 
2  2ε f 

(6.14)

Substituting Equation 6.11 in Equation 6.14 yields
N'

  E∆J  ( N '+1)
 C 2  2 ∗ 
σ y πx 
1

N∗ =  
2ε 'f
2




1

c


 1  C 2

=
  '

 2  2ε f




1

c  1
 
  σ 2π
  y

N'

N'

 c ( N '+1)  E∆J  c ( N '+1)

 ∗ 

 x 


(6.15)

which can be expressed as
N'

 E∆J  c ( N '+1)
N ∗ = C4  ∗ 
 x 

(6.16)

where
 1  C
C 4 =   2'
 2  2ε f

1

c  1
 
  σ 2π
  y

N'

 c ( N '+1)




(6.17)

The average increment in the crack length per cycle da/dN can be now calculated as per
Glinka [24], viz:

da
x∗
=
dN
N∗

(6.18)

If we consider the case when R = 0, we find that ∆J = ∆K2 [24] so that substituting Equation
6.16 into Equation 6.18 and collecting terms we obtain,

da
=
dN

x
 ∆K
C 4  ∗
 x

∗

2

 x 

= C5 x 
2 
K
∆


∗





N'
c ( N ' +1)

∗

N'
c ( N ' +1)

where
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= C5 x


N' 
∗  1+ c ( N ' +1) 



−2 N '

(∆K )c ( N '+1)

(6.19)

C5 =

 C
1
= 2 2'
 2ε
C4
 f






−1
c

(σ π )
2
y

N'
c ( N ' +1)

(6.20)

By defining
m=

− 2N '
c( N '+1)

(6.21)

we see that da/dN can be expressed as
 m
da
 1− 
m
= C5 x ∗  2  (∆K )
dN

(6.22)

If we assume that cracks do not grow if ∆K is lower than a threshold value ∆K th , we see
that Equations 6.10 & 6.11 can be written as:
N'

 ∆K 2  ( N '+1)
∆ε th = C 2  2 th ∗ 
 σ πx 
 y


(6.23)

and
 ∆K 
∆σ th = C3  2 th ∗ 
 σ πx 
 y

2

1
( N ' +1)

(6.24)

From Equation 6.23 we find that

 C 
x =  3 
 ∆σ th 

( N ' +1)

∗

 ∆K th 2 
 2  = C7 ∆K th 2


 σ yπ 

(6.25)

where
 C
C7 =  3
 ∆σ th





( N ' +1)

 1

 σ 2π
 y






(6.26)

Tanaka [27] has shown that threshold stress intensity range (ΔK th ) is a function of the crack
length viz:
∆K th = λ (a / (a + ao )

(6.27)

where a o is an intrinsic crack length, and λ is a function of the R-ratio, (more details can be
obtained from Section 2.3.1 of the NASGRO user’s manual [21]).
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For physically small cracks such that a << a o , this yields
∆K th = λ  a 
 ao 

(6.28)

so that Equation 6.24 becomes
x ∗ = C7 λ2  a 
 ao 

(6.29)

Substituting Equation 6.29 into Equation 6.22, we obtain:
 m
 1− 
2

da


= C5 C7 λ2  a 
dN
 ao  


(∆K )

m

= C8 a

 m
 1− 
 2

(∆K )m

(6.30)

where

 C λ2 
C8 = C5  7 
 ao 

 m
 1− 
 2

 C
= 2 2'
 2ε
 f

−1
c


 σ y2π



(

)

N'
c ( N ' +1)

 C 
 3 
 ∆σ th 

( N ' +1)

 λ2

 σ 2π
 y

 1 
 
 a 
 o 

 m
 1− 
 2

(6.31)

As shown above, Equation 6.30 conforms to a form of the GFD equation (Equation 6.5). We
thus see that for physically small cracks, the GFD equation can be derived either by assuming
that the crack is blunt, as in Jones et al. [11], or if it is sharp and the stress field is described
by the HRR solution.

This is particularly important since the automotive industry commonly uses the strain-life
approach to design such that flaws do not initiate. The derivation presented above reveals the
GFD equation is a logical extension of the current strain-based design approach which can
potentially validate the allowance of small flaws and ensure that they will not grow larger than
a given size during their lifetime.
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6.3 Application of GFD equation for fatigue crack growth
in various materials
Jones et al. [1, 18, 32, 34] have shown that for a range of aircraft and rail materials, the GFD
approach can be used to model fatigue crack growth under both constant and variable
amplitude loadings. A few examples are presented in this section.

6.3.1 Fatigue crack growth in D16 aluminium alloy [18]
Using the data presented by Schijve et al. [28] for various R-ratios under constant amplitude
loading, Jones et al. [18] have shown that using the parameters ɣ = 3, C* = 14.0 X 10-12 and
p = 0.75 in Equation 6.7, the fatigue crack growth predictions agrees well with experimental
data as shown in Figure 6.2 below.

Figure 6.2: GFD Prediction for a centre crack in a D16 Aluminium alloy panel at various
R-ratios under constant amplitude loading, from [18]
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6.3.2 Fatigue crack growth in Al2024-T3 & Al7075-T6 [18]
McEvily et al. [29] presented fatigue crack growth data in two aluminium alloys (Al2024-T3
& Al7075-T6) which Paris et al. [30] mentioned as being used during the formulation of the
Paris crack growth equation. Therefore, using the data from [29], Jones et al. [18] showed that
when using the following parameters ɣ = 3, p = 0.75, C* = 8.75 X 10-12 (for Al2024-T3) and
C* = 18.0 X 10-12 (for Al7075-T6) in Equation 6.7, very good agreement between
experimental data and predicted results were obtained as shown in Figures 6.3 & 6.4 below.

Figure 6.3: GFD Prediction for a centre crack in Al2024-T3, from [18]

Figure 6.4: GFD Prediction for a centre crack in Al7075-T6, from [18]
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6.3.3 Fatigue crack growth in 350 grade mild steel [18]
Walker et al. [31] conducted a series of fatigue tests on LC9 aluminium alloy SENT specimens
and compared the effectiveness of three crack growth equations (El Haddad model,
FASTRAN 3 and GFD model) to predict fatigue cracking. They concluded that the GFD
equation produced better life predictions. To further evaluate this finding, Jones et al. [18]
performed a series of fatigue tests on a 350 grade mild steel SENT specimens cut from a
freight wagon for a R-ratios from R = -1.0 to R = 0.5 and showed that when using the following
parameters ɣ = 3, p = 1.0, C* ≈ 8.0 X 10-10 in Equation 6.6, good agreement between
experimental data and predicted results were obtained as shown in Figures 6.5- 6.7.

Figure 6.5: Experimental and Predicted crack length history for R = -1.0, σ max = 240 MPa,
from [18]
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Figure 6.6: Experimental and Predicted crack length history for R = 0.14, σ max = 330 MPa,
from [18]

Figure 6.7: Experimental and Predicted crack length history for R = 0.5, σ max = 330 MPa,
from [18]
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6.3.4 Fatigue crack growth in cast rail steel L6B-2 [1]
Khan et al. [33] conducted fatigue crack growth experiments as per ASTM E647-95a
standards on compact-tension (CT) specimens taken from rail coupler made of cast steel L6B2 and presented the data as da/dN vs ∆K which showed that similitude does not apply in
Region I as shown in Figure 6.8. Upon analysing the data from [33], Jones et al. [1] revealed
that in Region I and also the lower portion of Region II, the crack growth rate is a function of
both ∆K and crack length and by using the parameters m* = 3 and C* = 9.13 X 10-10 and
(da/dN) 0 = -7.22 X 10-6 in Equation 6.6, the crack growth in the cast steel L6B-2 specimens
appeared to follow the GFD model as shown in Figure 6.9.

Figure 6.8: Crack growth in cast rail steel L6B-2, from [33]
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Figure 6.9: Experimental and Predicted crack growth in cast rail steel L6B-2, from [1]

6.3.5 Fatigue crack growth in D6ac steels [34]
As mentioned in section 6.1, Forth et al. [2] conducted a series of laboratory tests on D6ac
aerospace grade steel and revealed that crack growth rates in Region I (typically < 10-8
m/cycle) is not a unique function of ∆K. As an investigation of the applicability of GFD
approach to model cracking in D6ac steels, Jones et al. [34] analyzed the results from Forth
et al. [2, 20] and revealed that for constant K max , constant R-ratio load increasing and
compression-compression pre-cracking tests methods, the crack growth rate conformed to the
GFD crack growth equation as shown in Figure 6.10 and Equation 6.3.

 1− m

da
= 0.65a 
dN

*


2 

p
 (1− p )
 K max ∆K

σy







m*

− 2.2 × 10 − 7

(6.32)

where m* = 2.6 and p = 0.95 was found to best collapse the data and σ y is the yield stress of
the material (σ y = 1137.5 MPa)
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Figure 6.10: GFD representation of crack growth in D6ac steel specimens, from [34]

Jones et al. [34] also reported that using Equation 6.32, it was not possible to get a good
agreement from the GFD crack growth equation to the constant R load reduction tests as can
be seen in Figure 6.10. This was consistent with the observations from Forth et al. [2] who
also reported that the constant R load reduction tests produced results that were different from
the other tests.
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6.3.6 Fatigue crack growth in head hardened rail steel [32]
Jones et al. [32] presented two sets of experimental data from six SENT specimens
(Specimens 1-3 and Specimens 4-6) with a 0.5 mm radius semi-circular notch on one side
subjected to a peak remote stress of 475 MPa with R = 0.15 and a peak remote stress of 550
MPa with R = 0.5 respectively. Relying on previous findings from Jones et al. [18] where it
was implied that although the GFD model as shown in Equation 6.6 is generally only valid
for Region I and a lower portion of Region II, the model could be extended to a form that is
consistent with Region I, II and III viz:
*
da  *  1− m 2  (1− p )

K max ∆K p
= C a
dN 

(

)

m*

−

da
dN o

  K max
 / 1 −
 
Kc
 





(6.33)

where K c is the apparent cyclic fracture toughness.
Using m* = 3 (consistent with many rail steels presented in [18]), C* = 1.5 x 10-14, p = 0.85,
(da/dN) o = 0 and K c = 120 MPa√m, Jones et al. [32] found good agreement between
experimental data for the two R-ratios investigated and predicted data using Equation 6.33 as
shown in Figure 6.11(a) & (b).

(a)

(b)

Figure 6.11(a) and (b): Measured and Predicted crack length histories for 6 specimens at Rratios 0.15 and 0.5 and remote peak stress of 475 MPa and 550 MPa respectively for head
hardened rail steel, from [32]
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6.4 Short Crack Predictions on welded XF400 using GFD
crack growth equation
This section presents applicability of the GFD crack growth equation for predicting the crack
length histories of 3.5 mm thick welded automotive grade steel XF400.
Previous studies using GFD crack growth equation [1, 18, 32, 34] have shown that typically
m* = 3 works well for a range of engineering materials. Consequently for each of the tests in
this study, taking m* = 3 and (da/dN) 0 = 0, Equation 6.5 was used to predict the crack length
history for the following experimental tests:
(i) 18 different cracks with constant ∆σ = 210 MPa for R = 0.25, R = 0.4 & R = 0.5
(ii) 12 different cracks with constant σ max = 335 MPa for R = 0.2 & R = 0.4
It was found that, for all cracks investigated, using C* = 9.0 X 10-9 the GFD crack growth
equation showed good agreement with experimental data as shown in Figures 6.12 – 6.15.
However, the residual stresses induced by the welding process resulted in values of p that
were dependent on the R-ratio. This led to values of p = 1.5, 0.3, 0.6 & 1.0 for R-ratios R =
0.2, R = 0.25, R = 0.4 & R = 0.5 respectively.
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Figure 6.12(a) – (f) Measured and Predicted crack length histories for 6 different cracks
tested at R = 0.25, σ max = 268 MPa and ∆σ = 201 MPa

124

10.0

A2 - Measured Side A

A2 - Measured Side B

A2 - GFD Prediction Side A

A2 - GFD Prediction Side B

1.0

Crack Length (mm)

Crack Length (mm)

10.0

0.1

0.0

1.0

0.1

0.0
0

50000

100000

150000

200000

250000

300000

350000

0

50000

100000

150000

Cycles (N)

(a)

300000

350000

10.0

A4 - Measured Side A

A4 - Measured Side B

A4 - GFD Prediction Side A

A4 - GFD Prediction Side B

1.0

Crack Length (mm)

Crack Length (mm)

250000

(b)

10.0

0.1

1.0

0.1

0.0

0.0
0

50000

100000

150000

200000

250000

0

300000

50000

100000

Cycles (N)

150000

200000

250000

300000

Cycles (N)

(c)

(d)

10.0

10.0

A5 - Measured Side A

A5 - Measured Side B

A5 - GFD Prediction Side A

A5 - GFD Prediction Side B

1.0

Crack Length (mm)

Crack Length (mm)

200000

Cycles (N)

0.1

0.0
0

100000

200000

300000

400000

1.0

0.1

0.0
0

100000

200000

Cycles (N)

Cycles (N)

(e)

(f)

300000

400000

Figure 6.13(a) – (f) Measured and Predicted crack length histories for 6 different cracks
tested at R = 0.4, σ max = 335 MPa and ∆σ = 201 MPa
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Figure 6.14(a) – (f) Measured and Predicted crack length histories for 6 different cracks
tested at R = 0.5, σ max = 402 MPa and ∆σ = 201 MPa
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Figure 6.15(a) – (f) Measured and Predicted crack length histories for 6 different cracks
tested at R = 0.2, σ max = 335 MPa and ∆σ = 268 MPa
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6.5 Short Crack Predictions on welded HA350 using GFD
crack growth equation
This section presents applicability of the GFD crack growth equation for predicting the crack
length histories of 8 mm thick welded automotive grade steel HA350.
As mentioned in section 6.4, previous studies [1, 18, 32, & 34] have shown that the GFD
equation works well for a range of material. Consequently the crack length histories for 4
different cracks in 8 mm thick welded HA350 specimens (at R = 0.2) were numerically
integrated using m* = 3 in Equation 6.34.
It was found that using C* = 9.0 X 10-9 and p = 1.5, the GFD crack growth equation yielded
crack length histories that were in good agreement with experimental data, see Figure 6.16.
It should also be noted that C* used here was similar to that used when predicting crack length
histories for the welded 3.5 mm thick XF400. This is expected as the two materials have
similar Young’s modulus and the same weld material was used in both cases.
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Figure 6.16(a) – (6) Measured and Predicted crack length histories for 4 different cracks
tested at R = 0.2, σ max = 310 MPa and ∆σ = 248 MPa
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6.6 Conclusion
This chapter discussed the applicability of the GFD crack growth equation for a range of
engineering materials.
It has also been shown that the growth of short cracks in welded automotive grade steel XF400
and HA350 can be predicted using the GFD crack growth equation with m* = 3 as similarly
reported for a number of engineering materials in [1, 18, 32, 34] and a material constant, C*
of 9.0 X 10-9.
The crack growth rate for welded XF400 can therefore be expressed as:

(

da
p
= 9.0 × 10 −9 ⋅ a − 0.5 ⋅ ∆K 1− p K max
dN

)

3

(6.36)

where p is empirically obtained.
Equation 6.36 shows that the crack growth for short cracks (typically <1.5 mm in our case)
is not a unique function of ∆K as reported by Forth et al.[2] but instead is a function of ∆K,
K max and crack length and therefore confirms that the similitude hypothesis in Region I is not
valid.
This finding implies that similitude based crack growth equations such as Paris equation and
its variants which are commonly used in the automotive industry are questionable when used
to predict fatigue life of short cracks in automotive grade steels.
However, the disadvantage of this method is that in these tests the value of p appears to be Rratio dependent for welded structures and as such this approach is not recommended.
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Chapter 7: Fatigue Life Predictions
from Hartman-Schijve-McEvily
equation
The aim of this chapter is to review the Hartman-Schijve-McEvily (HSM) equation which is
a non-similitude based crack growth equation on various engineering materials and its
applicability to predict the growth of short cracks in welded automotive grade steels, more
specifically XF400 and HA350 Steels.

7.1 Introduction
Lincoln et al. [1] reviewed the durability test results conducted by McDonnell on USAF F15E aircraft and reported that there was insufficient data to accurately determine a probability
distribution function to represent the aircraft population. Consequently, the U.S Air Force
(USAF) decided to use coupon tests data obtained from the design development testing, to
determine a Weibull shape distribution for the equivalent initial flaw size (EIFS) distribution
[1]. By using data associated with the short-crack tests, which [1] states was key to the success
of the program, McDonnell was able to pool the constant amplitude coupon test EIFS with the
EIFS obtained from random flight-by-flight loaded tests [1]. This finding reinforced the
importance of a fracture mechanics based methodology and the use of a crack growth equation
capable of describing the growth of both small and large cracks.
As mentioned in Section 2.7.2 in Chapter 2, Hartman & Schijve [2] suggested that fatigue
crack propagation was a function of both the stress intensity factor, ∆K and threshold stress
intensity factor, ∆K th , below which a crack will not grow. This led them to develop a
modification to the Forman equation, viz:
D ' (∆K − ∆K th )
da
=
dN ((1 − R )K C − ∆K )
α

(7.1)

where D ' and α are constants.
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A number of researchers [3-9] have derived crack growth equations whereby da/dN is related
to (∆K - ∆K th )α. Zeng et al. [3] and Liu et al. [4] subsequently revealed that da/dN should
always be proportional to (∆K - ∆K th )2 and their derivation suggested that the constant of
proportionality (D) was approximately 0.036/Eσ y , where E and σ y are the Young’s modulus
and the yield stress of the material respectively. An exponent α of approximately 2 was also
found for short crack growth in weldable structural C-Mn steel by Smith et al. [5]. Ishihara et
al. [6] also revealed that for small near micron size defects da/dN was linearly related to (∆K
- ∆K th )2. Ramsamooj [7] was one of the first to report that this relationship held for both long
and short cracks.
Jones et al. [10-12] used the Hartman-Schijve-McEvily concept of da/dN depending on (∆K∆K th ) and presented a variant of the original Hartman-Schijve-McEvily equation viz:
da/dN = D (Δκ)α

(7.2)

where the crack driving force, Δκ, is taken to be
Δκ = (ΔK – ΔK thr )/√(1-K max /A)

(7.3)

where D is a constant, A is the cyclic fracture toughness (this may differ from the fracture
toughness obtained from static testing), ΔK thr is the apparent fatigue threshold and α is a

constant determined from the slope of da/dN vs [∆K − ∆K thr

(1 − K max A)] which is generally

approximately 2 [10].
As explained in [10, 11] the parameters A and ΔK thr are chosen so as to best represent the
experimental data and the term ΔK thr should not be confused with the term ΔK th , which the
ASTM 647 test standard suggests to be the value of ΔK at a crack growth rate da/dN of 10-10
m/cycle. ∆K thr is a function of material, thickness, R-ratio and crack length and is chosen so
as to ensure that Equation 7.2 reproduces the observed crack growth rates over the entire
da/dN versus ΔK curve.
This particular variant of the Hartman-Schijve-McEvily equation has been shown to hold for
a wide range of aerospace metals [10, 11] as well as for delamination growth in composites
[13-15]. Jones et al. [10] also showed that the constant of proportionality of D = 0.036 /Eσ y
suggested by Liu et al. [4], was a reasonable first estimate for a wide range of materials.
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McEvily and co-workers [16-18], proposed a modified form of Equation 7.1 relating da/dN
to (∆K eff - ∆K eff,th )2 which has also been shown to hold for both short and long cracks viz:
da
2
= A(∆K eff − ∆K eff ,th )
dN

(7.4)

where A is a constant whose magnitude is a function of the material and the environment,
∆K eff is the effective range of SIF, given by ∆K eff = ∆K - ∆K op. ∆K op is an exponential function
of the crack length viz:

(

)

∆K op = 1 − e − λa ∆K opl

(7.5)

where ΔK opl is the long crack value of ΔK op (= K op - K min ) and λ is a material dependent
constant. K op is the SIF at the crack opening level.
Jones et al. [11] outlined the relationship between the Hartman-Schijve variant (Equation 7.2)
and the McEvily and co-workers [16-18] formulation and validated the hypothesis of ∆K op
becoming vanishingly small for small cracks in a wide range of materials. Therefore in the
various variants of the McEvily crack growth formulation, ∆K eff asymptotes to ∆K as the crack
length reduces. As such, Jones et al. [11] explained how for small naturally occurring initial
defects the form of the crack growth equations proposed in [16-18] resemble that proposed in
[10-12] in that da/dN is a function of (∆K - ∆K th ) and suggested a variant, which was termed
the Hartman-Schijve-McEvily crack growth equation, for those materials which, for long
cracks, the R-ratio dependency could be accounted for by crack closure, viz:
da/dN = D [(ΔK eff – ΔK eff,thr )/√(1-K max /A)] α

(7.6)

This equation is a special case, i.e m = p, q = p/2, of the Nasgro equation (See Equation 2.21)
which is available in the AFGROW and NASGRO crack growth codes.
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7.2 Application of HSM equation for short cracks in
various materials
As mentioned in section 7.1, a number of researchers [3-9] have derived crack growth
equations whereby da/dN is related to (∆K - ∆K th )α. Jones et al. [10, 11] have presented a
variant of the HSM equation (Equation 7.2) where da/dN is related to (∆K - ∆K thr )α where
∆K thr is the apparent fatigue threshold which is different to ΔK th which the ASTM 647 test
standard suggests to be the value of ΔK at a crack growth rate da/dN of 10-10 m/cycle. A few
examples of the applicability of the variant of the HSM equation are shown in this section.

7.2.1 Fatigue crack growth in aerospace steels [10]
Jones et al. [10] analysed tests results conducted by Forth et al. [19, 20] on D6ac aerospace
grade steel and presented the data as da/dN vs ∆K plot as shown in Figure 7.1 where it is seen
that the data followed the traditional sigmoidal shape and crack growth in the Paris region
could be expressed viz:
da
= 2.31 × 10 −11 ∆K 2.66
dN

(7.6)

Jones et al. [10] replotted the D6ac data from [19, 20] as well as crack growth data for
commonly used aerospace steel alloy 4340 from [20] and 10Ni-8Co-1Mo Steels from [21],
as per the variant H-S equation (Equation 7.2) as shown in Figure 7.2 and reported that the
data showed good agreement with Equation 7.2 for crack growth rates from ~ 6 X 1010

m/cycle to 3 X 10-6 m/cycle when using exponent α ≈ 2 as suggested by Liu et al. [4]. Jones

et al. [10] also explained that the crack driving force, Δκ was calculated by estimating the
value of ∆K thr from the da/dN vs ∆K data and the value of cyclic fracture toughness, A, was
chosen to fit the data at one R-ratio and subsequently used for the other R-ratios. The constants,
∆K thr, A, α and D used in this study are shown in Table 7.1 below:
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Table 7.1: Constants (∆K thr, A, α and D) for D6ac, 4340 & 10Ni-8Co-1Mo aerospace steels,
from [10]
Material

R-ratios
0.1, 0.3, 0.7,

D6ac

0.8 & 0.9

4340
10Ni-8Co-1Mo

∆K thr (MPa√m)

A (MPa√m)

α

D

2.0

220

1.87

2.05 X 10-10

160

1.87

2.05 X 10-10

250

1.95

2.26 X 10-10

0.1

7.5

0.7

5.0

0.1

4.4

0.8

1.8

Kmax = 20 (load reduction test)
R = 0.9
R = 0.9
R = 0.7
R = 0.8
R = 0.1
R = 0.3
R = 0.3

Figure 7.1: da/dN vs ∆K representation for D6ac steel, from [10]
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Kmax = 20 (load reduction test)
R = 0.9
R = 0.9
R = 0.7
R = 0.8
R = 0.1
R = 0.3
R = 0.3

Figure 7.2: da/dN vs Δκ (i.e the HSM equation) representation for D6ac steel, from [10]
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7.2.2 Fatigue crack growth in aerospace aluminium alloys [10]
Jones et al. [10] presented crack growth data for a range of aerospace aluminium alloys
obtained from [22] for Al2219-T851, [23] for Al2025-T6, [24] for Al2024-T351, [25] for
Al2024-T3, [24, 26] for Al7075-T6, [27] for Al7050-T76511 and [28] for Al7050-T7451 as
shown in Figures 7.3 & 7.4 from which it was reported that data showed good agreement
with Equation 7.2 for crack growth rates from ~ 6 X 10-10 m/cycle to 3 X 10-6 m/cycle when
using exponent α ≈ 2 as suggested by Liu et al. [4] and constant, D, as shown in Table 7.2. As
mentioned in section 7.3.1, the crack driving force, Δκ was calculated by estimating the value
of ∆K thr from the da/dN vs ∆K data and the value of cyclic fracture toughness, A, was chosen
to fit the data at one R-ratio and subsequently used for the other R-ratios. The constants, ∆K thr,
A, α and D, used in this study are shown in Table 7.2 below:

Table 7.2: Constants (∆K thr, A, α and D) for 2000 series and 7000 series aerospace
aluminium alloys, from [10]
Material

Al2219-T851

2025-T6
Al2024-T351

Al2024-T3

Al7075-T6
Al7050-T76511

Al7050-T7451

R-ratios

∆K thr (MPa√m)

A (MPa√m)

α

D

0.1

2.6

40

2.13

1.26 X 10-9

0.8

1.6

0.5

3.0

48

1.93

2.64 X 10-9

0.7

2.3

0.1

3.8

45

2.13

1.26 X 10-9

0.06

3.2

0.3

2.9

62

2.13

1.26 X 10-9

0.64

1.2

0.7

0.9

40

1.97

1.20 X 10-9

0.1

1.1

0.1

2.0

60

1.97

1.20 X 10-9

0.7

1.4

0.5

1.6

32

2.0

0.71 X 10-9

0.1

2.5
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Figure 7.3: da/dN vs Δκ (i.e the HSM equation) representation for 2000 series aluminium
alloy, from [10]
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Figure 7.4: da/dN vs Δκ (i.e the HSM equation) representation for 7000 series aluminium
alloy, from [10]

Jones et al. [10, 11] have investigated the applicability of Equation 7.2 on short crack growth
data presented in [29] for small cracks with initial sizes of approximately 7 microns and long
crack growth data from [28, 30] in 7050-T7451 aluminium alloy and the results are shown in
Figure 7.5. It was shown that using α = 2, D = 0.71 X 10-9, the small and long crack data
essentially coincide, this eliminating the short crack anomaly, described in Chapter 2. It
should also be noted that Jones et al. [10, 11] used different values of ∆K thr and A for short
and long crack growth as shown in Table 7.3.

141

Table 7.3: Constants (∆K thr, A, α and D) for long and short crack data for Al7050-T7451
from [10]
Material

R-ratios

Al7050-T7451

0.7

(Long cracks)
Al7050-T7451

-0.3, 0.1, 0.5

(Short cracks)

and 0.7

∆K thr (MPa√m)

A (MPa√m)

α

D

0.98

38

2.0

0.71 X 10-9

0

32

2.0

0.71 X 10-9

Figure 7.5: da/dN vs Δκ (i.e the HSM equation) representation for short and long crack
growth rates for Al7050-T7451 at different R-ratios, from [10]
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Jones et al [10] discussed the use of different values of ∆K thr to be of significant importance
as they found using long crack constants will underestimate the crack growth rates in the
threshold region by an order of magnitude. However by changing the ∆K thr to be a small value
up to three times smaller than the threshold of long crack threshold, a curve consistent with
measured small crack data was obtained which led to the suggestion that in the absence of
short crack data, short crack growth can be estimated by using long crack data to obtain the
constant D and setting ∆K thr to be a small value. See Jones [45] for more details.

7.2.3 Fatigue crack growth in rail steels
Whilst the previous sections have summarised the results of prior sudies, this section presents
the results of a new study into cracking in a range of steels. To this end, let us examine the
applicability of Equation 7.2 to represent crack growth for rail steels. The results of this study
are presented in Figures 7.6 & 7.7 and the values of the constants ∆K thr , A, α and D used in
these figures are given in Table 7.4.

Figure 7.6 presents crack growth data from:
i.

Ochi et al. [31] for four different head hardened rail steels (Carbon, CR Mo, CR V &
HH)

ii.

Sajuri et al. [32] for R = 0.1 for the rail track material used in Klang Valley, Malaysia
line

iii.

Scutti et al. [33] for a standard ASTM A1 rail steel which was a hot-rolled, controlcooled, plain carbon eutectoid steel and had previously been in service

iv.

Jones et al. [29] for constant amplitude tests at R = 0.15 and R = 0.5, on small sub mm
cracks in a head hardened rail track steel, provided by Rail Corp Australia, that was
taken from the field in New South Wales (Australia)

v.

Jones et al. [35] for constant amplitude tests at R = 0.14 and R = 0.5, on small sub mm
cracks in a 350 MPa Grade locomotive steel
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Figure 7.7 presents crack growth data from:
i.

Ishihara et al. [18], for R = 0.5, 0.3 and 0.1, for a high speed rail steel.

ii.

Jones et al. [29] for constant amplitude tests at R = 0.15 and R = 0.5, on small sub mm
cracks in a head hardened rail track steel, provided by Rail Corp Australia, that was
taken from the field in New South Wales (Australia)

iii.

Jones et al. [35] for constant amplitude tests at R = 0.14 and R = 0.5, on small sub mm
cracks in a 350 MPa Grade locomotive steel

Table 7.4: Constants (∆K thr, A, α and D) for a range of rail steels
Material

R-ratios

∆K thr (Mpa√m)

A (Mpa√m)

Carbon (#1)

0.1

7.9

37.6

CR Mo (#4)

0.1

6.1

43.8

CR V (#8)

0.1

5.5

37

HH (#9)

0.1

8.7

41.4

Klang Valley track

0.1

6.7

62

0.7

3.0

55

A1 rail steel

0.05

7.8

Head Hardened Rail

0.5

2.5

(Short cracks)

0.15

10

350MPa Grade

0.5

0.3

Locomotive Steel
(short cracks)

High speed rail steel

120

220
0.14

0.3

0.5

3

0.3

3.5

0.1

5.4

144
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α

D

2.08

2.61 X 10-10

1.0E-05
y = 2.61E-10 x2.08
R2 = 0.986

1.0E-06

da/dN (m/cycle)

1.0E-07

[31] 1
[31] 4

1.0E-08
1.0E-09
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[31] 9

y = 9.69E-11 x1.99
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[34] R = 0.5
[34] R = 0.15
[32]

1.0E-10

[33] R = 0.7
[33] R = 0.05

1.0E-11

[35] R = 0.5
[35] R = 0.14
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Figure 7.6: da/dN vs Δκ (i.e the HSM equation) representation of fatigue crack growth in a
range of rail steels, from [31-35]
R = 0.5 [36]
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Figure 7.7: da/dN vs Δκ (i.e the HSM equation) representation of fatigue crack growth in a
high speed rail steel, from [18], compared with small crack growth in a head hardened steel
[29] and a locomotive steel, from [35].

145

Here it should be noted that Ishihara et al. [18] proposed that Equation 7.4 with constant A =
1.2 x 10-10 was representative of high speed rail steels crack data in [18], which they revealed
to also hold for the growth of short, approximately 30 μm, initial cracks/defects.
The crack growth data presented in Figures 7.6 & 7.7 suggests that cracking in each of these
rail steels conforms to Equation 7.2 with α ≈ 2 and that, allowing for experimental error, when
presented in this fashion the behaviour of these disparate rail steels are similar in that they can
be represented by the Nasgro equation with m = p and q = p/2, i.e. the HSM equation.

7.2.4 Fatigue crack growth in Bridge steels
The applicability of Equation 7.2 was studied for crack growth for a range of R-ratios in six
different bridge steels and is presented in Figure 7.8 and the values of the constants ∆K thr , A,
α and D used are given in Table 7.5. From Figure 7.8, it can be seen that cracking in each of
these rail steels conforms to Equation 7.2 with α = 2 and D = 1.2 x 10-10.
The crack growth data for the six bridge steels studied were taken from:
Barsom et al. [37] & Fisher et al. [38] who presented crack data for R ≈ 0.1, R = 0.55 and R =
0.8 for A36 steel, which is common in older bridges.
Chen et al. [39] who presented crack data for R = 0.0 and R = 0.8 for HPS 485W, a high
performance steel used in North American bridges and HPS 350WT, a high performance steel
with an improved low temperature performance.
Zweraeman et al. [40] who presented crack data for R = 0.7 for ASTM A588-80A, a
weathering steel that is widely used in bridges and has little R-ratio dependency.
Liu et al. [41] who presented crack data for R = 0.05 for 14MnNbq steel commonly used in
Chinese bridges.
Gill et al. [42] who presented crack data for R = 0.1 and R = 0.8 for HY-100, a low alloy steel
widely used in civil structures (such as bridges and facing material on buildings) and naval
vessels.

Table 7.5: Constants (∆K thr, A, α and D) for a range of bridge steels
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Material

A36

HPS 485W

HPS 350WT
ASTM A588-

R-ratios

∆K thr (MPa√m)

≈ 0.1

5.5

0.55

5

0.8

3

0.0

5.5

0.8

3.8

0.0

4.5

0.8

3

0.7

HY-100

80

0.05

5.5

100

0.1

6

260

0.8

6

2.00

1.20 X 10-10

A36
A36RR==0.1
0.1[43]
[37]
A36
A36RR==0.5
0.5[44]
[38]
A36
A36RR==0.8
0.8[44]
[38]
485W
485WRR=0
= [45]
0.0 [39]
485W
485WRR==0.5
0.5[45]
[39]
350WT
350WTRR==0.0
0.0[45]
[39]
350WT
350WTRR==0.5
0.5[45]
[39]
HY-100
RR
= 0.1
[47]
H-Y-100
= 0.1
[42]
HY-100
RR
= 0.8
[47]
H-Y-100
= 0.8
[42]
14MnNbq R == 0.05
14MnNbq
0.05[41]
[53]
A588-80A R
A588-80A
R == 0.7
0.7[40]
[46]
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Figure 7.8 da/dN vs Δκ (i.e HSM equation) representation of fatigue crack growth in a
range of bridge steels
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7.2.5 Fatigue crack growth for short and long cracks in steels
As mentioned in section 7.3.2, it was shown that by using the same constants α and D obtained
from long crack data in Al7050-T7451 alloy and changing ∆K thr to a small value in Equation
7.2 for short cracks, the short and long crack data essentially coincided.
To further study this approach of unifying short cracks (initial flaws of ≈ 0.1 mm) and long
cracks, this section presents the applicability of Equation 7.2 to unify short and long crack
data for R = 0.1 and R = 0.7 for aerospace grade 4340 steel taken from Iyyer et al. [43] and
Forth et al. [19] respectively and for R = 0.1 and R = 0.5 for the marine grade S355NL Steel
taken from Alaoui et al. [44]
Figure 7.9 presents a plot of the crack da/dN versus ΔK for the short crack 4340 data from
[43] and long crack data from [19] and the short crack anomaly can be clearly seen whereby
for a given ΔK the crack growth rate associated with the short crack tests is significantly
greater than that seen in tests with long cracks.
Figure 7.10 presents the same data with da/dN vs Δκ so that a relationship of the form y = x2
corresponds to Equation 7.2 with α = 2. The values ∆K thr , A, α and D used in Figure 7.10 are
given in Table 7.6. Here we see that when plotted in this fashion the long and short crack data
(essentially) coincide, i.e. the short crack anomaly vanishes.
Figure 7.11 presents the short crack growth data plotted as per Equation 7.2 with the ∆K thr ,
A, α and D given in Table 7.6. Here it should be noted that since there was little R-ratio
dependency in these short crack tests the values of ∆K thr are the same for both R-ratios. This
minimal dependency of the short crack growth data on the R-ratio was also observed in [10]
for the aluminium alloy 7050-T7451.
This constants α and D obtained for the short crack data for S355NL was then used to compute
the da/dN versus ΔK curves for long cracks tests with R = 0.1 and 0.5. The computed and
measured crack growth curves are shown in Figure 7.12. Here we see good agreement
between the computed and measured crack growth curves. The values of ∆K thr , A, α and D
used in these predictions are given in Table 7.6.
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Table 7.6: Constants (∆K thr, A, α and D) for long & short crack data for 4340 & S355NL
steel
Material

R-ratios

∆K thr (MPa√m)

4340 steel

0.1

7.5

(Long cracks)

0.7

5.0

4340 steel

0.1

1.9

(Short cracks)

0.7

0.5

S355NL steel

0.1

1.4

(Short cracks)

0.5

1.4

S355NL steel

0.1

5.8

(Long cracks)

0.5

4.7

A (MPa√m)

α

D

160

2.00

2.30 x 10-10

80

1.9

1.99 x 10-10

1.0E-05

da/dN (m/cycle)

1.0E-06

1.0E-07
Long crack R = 0.1 [43]

1.0E-08

Long crack R = 0.7 [19]

1.0E-09

Short crack R = 0.7 [19]
Short crack R = 0.1 [43]

1.0E-10
1

10

100

1000

∆Κ (MPa √m)
Figure 7.9 da/dN vs ΔK representation of fatigue crack growth for long and small crack
growth in 4340 steel
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Figure 7.10 da/dN vs Δκ (i.e HSM equation) representation of fatigue crack growth for long
and small crack growth in 4340 steel
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Figure 7.11 da/dN vs Δκ (i.e HSM equation) representation of fatigue crack growth for
small crack growth in S355NL steel
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Figure 7.12 da/dN vs ΔK representation of fatigue crack growth for long crack growth in
S355NL steel

7.2.6 Fatigue crack growth in welds
Having introduced the HSM variant of the Nasgro equation and shown how it unifies the
growth of both large and small cracks, this section presents an analysis of the crack growth
data using the HSM equation, for cracking in Welds and Heat Affected Zones (HAZ) for three
grades of steel.
Figure 7.13 presents data from Boyer [36] for cracking in an ASTM A533 Grade B, Class 1
HAZ and cracking in the base ASTM A533 Grade B material. Here it can be seen that both
data sets can be represented by Equation 7.2 with the same values of α, D and A, see Table
7.7. The corresponding values of ∆K thr are given in Table 7.7.
Figure 7.13 also presents data taken from Liu et al. [41] for cracking in the HAZ associated
with welds in a Chinese bridge steel 14MnNbq and cracking in the base steel. Here we again
see that both data sets can be represented by Equation 7.2 with the same values of D and A,
(see Table 7.7). The corresponding values of ∆K thr are given in Table 7.7. We also see that,
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when expressed as per Equation 7.2, all of the various test data essentially can be represented
using constant α = 2 and D = 1.2 x 10-10 which was previously found to hold for a wide range
of bridge steels (see section 7.3.4). This also suggests that crack growth in the HAZ and base
material is essentially similar.
To continue this study we evaluated crack growth in the weld and in the base (parent) material
associated with an austenitic stainless steel at R = 0.1 and R = 0.5, taken from King [34]. The
crack growth rate was computed using Equation 7.2 with ∆K thr , A, α and D given in Table 7.7
and the results are shown in Figures 7.14 & 7.15 as da/dN vs ∆K from which it can be seen
this formulation reproduces the measured crack growth data reasonably well for both R-ratios.
Table 7.7: Constants (∆K thr, A, α and D) for welds and HAZ in three steels.
Material
ASTM A533
(Base Metal)
ASTM A533
(HAZ)
14MnNbq
(Base Metal)
14MnNbq

R-ratios

∆K thr (MPa√m)

0.1

7.0

α

D

2.00

1.20 x 10-10

2.00

8.00 x 10-8

140
0.1

0.05

11

5.5
100

0.05

4.5

Austenitic Steel

0.5

2.6

(Base Metal)

0.1

3.9

Austenitic Steel

0.5

2.1

(Weld)

0.1

1.7

(HAZ)

A (Mpa√m)

75
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y = 1.2E-10x2

da/dN m/cycle

A533 Base R = 0.1 [46]
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1.0E-05

A533 Haz
HAZ R = 0.1 [46]
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14MnNbq Base R = 0.05 [41]
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Figure 7.13 da/dN vs Δκ (i.e HSM equation) representation of fatigue crack growth in the
haz and the base materials of A533 and 14MnNbq Steels
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Figure 7.14 Comparison of measured and predicted curves for crack growth using equation
7.2 in weld and parent material at R = 0.5
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Figure 7.15 Comparison of measured and predicted curves for crack growth using equation
7.2 in weld and parent material at R = 0.1
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7.3 Short Crack Predictions on welded XF400 using HSM
equation
Having shown that the growth of both small and long cracks in a range of aerospace, rail and
naval materials can be related to (ΔK – ΔK thr )α as can crack growth in welds reported in [34,
36 & 41], this section evaluates the applicability of the Hartman-Schijve-McEvily equation
(Equation 7.2) to represent short crack growth in MIG welded Xtraform400 (XF400)
automotive grade steel.
The length of the crack at cycle N i+1 , defined as a i+1 , was computed from knowledge of its
length at cycle N i , i.e. a i , viz:

D(∆K − ∆K thr )

α

ai +1 = ai +


K
 1 − max

A







∆N i

α

(7.8)

Where the value of ∆N i = N i+1 – N i , ∆K for any surface crack length up to 1.5 mm long was
obtained using the K max relation obtained from FEA (Equation 5.6) and using Equation 7.9.

∆K = K max (1 − R)

(7.9)

As mentioned earlier, a number of researchers [3-6] have presented crack growth equations
whereby da/dN is related to (∆K - ∆K th )α with α = 2. In Section 7.2, for the different materials
tested, an exponent α ≈ 2 in Equation 7.2 was found to hold for all of the cases investigated.
Consequently in this section, a value of α = 2, was chosen to predict crack length history in
MIG welded XF400 automotive grade steel. As a result, Equation 7.8 becomes:

D(∆K − ∆K thr )

2

ai +1 = ai +


K
 1 − max

A







2

∆N i

(7.10)

The parameters ∆K thr, D and A were chosen to fit the data for one sample test results at one R
ratio and subsequently used for the other samples for the same R-ratio. For the other R-ratio
tests, the same parameters D and A were used whilst ∆K thr was adjusted to best represent
experimental results.
155

As mentioned in Chapter 3, 2 sets of data were investigated viz:
i.

18 different cracks with constant ∆σ = 210 MPa and varying R-ratios, viz R = 0.25, R
= 0.4 & R = 0.5

ii.

12 different cracks with constant σ max = 335 MPa and varying R-ratios, viz R = 0.2 &
R = 0.4

The Hartman-Schijve-McEvily equation, i.e. Equation 7.10, was successfully applied with
constants D = 5.5 x 10-10 and A = 75 MPa√m to predict fatigue crack growth for a range of
test specimens for case (i) (R = 0.25, R = 0.4 and R = 0.5, and a constant remote ∆σ of 201
MPa), see Figures 7.16 – 7.18 as well as for case (ii) (R = 0.2 and R = 0.4 and a constant peak
remote stress of 335 MPa), see Figures 7.17 & 7.19. The values of ∆K thr used for the various
tests are shown in Table 7.8. As in [10-12] the various R-ratio tests were able to be accurately
represented by keeping the values of D, α and A fixed and merely using slightly different
values of ∆K thr as explained in the recent review paper [45].

Table 7.8: Constants (∆K thr, A, α and D) for short cracks in MIG welded XF400 Steels
Material

Welded XF400

R-ratios

∆K thr (MPa√m)

0.2

1.8

0.25

2.7

0.4

1.8

0.5

0.2
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A (MPa√m)

α

D

75

2.0

5.5 x 10-10

10.0

10.0

B13 - Measured Side A

B13 - Measured Side B
B13 - HS Prediction Side B

1.0
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B13 - HS Prediction Side A
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0.0
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0
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Figure 7.16(a) – (f) Measured and Predicted crack length histories using HSM equation for
6 different cracks tested at R = 0.25, σ max = 268 MPa and ∆σ = 201 MPa
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Figure 7.17(a) – (f) Measured and Predicted crack length histories using HSM equation for
6 different cracks tested at R = 0.4, σ max = 335 MPa and ∆σ = 201 MPa
158

10.0

10.0
C2 - Measured Side A

C2 - Measured Side B
C2 - HS Prediction Side B

1.0

Crack length (mm)

Crack length (mm)

C2 - HS Prediction Side A

0.1

0.0

1.0

0.1

0.0
0

20000

40000

60000

80000

100000

120000

0

20000

40000

60000

Cycles (N)

(a)

120000

10.0

C4 - Measured Side A

C4 - Measured Side B

C4 - HS Prediction Side A

C4 - HS Prediction Side B

1.0

Crack length (mm)

Crack length (mm)

100000

(b)

10.0

0.1

0.0
40000

0

80000

120000

1.0

0.1

0.0

160000

0

40000

Cycles (N)

80000

120000

160000

Cycles (N)

(c)

(d)

10.0

10.0

C5 - Measured Side B

C5 - Measured Side A

C5 - HS Prediction Side B

C5 - HS Prediction Side A
1.0

Crack length (mm)

Crack length (mm)

80000

Cycles (N)

0.1

1.0

0.1

0.0

0.0
0

20000

40000

60000

80000

100000

120000

Cycles (N)

0

20000

40000

60000

80000

100000

120000

Cycles (N)

(e)

(f)

Figure 7.18(a) – (f) Measured and Predicted crack length histories using HSM equation for
6 different cracks tested at R = 0.5, σ max = 402 MPa and ∆σ = 201 MPa
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Figure 7.19(a) – (f) Measured and Predicted crack length histories using HSM equation for
6 different cracks tested at R = 0.2, σ max = 335 MPa and ∆σ = 268 MPa
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7.4 Short Crack Predictions on welded HA350 using the
HSM equation
This section evaluates the applicability of the Hartman-Schijve-McEvily equation (Equation
7.2) to predict the crack length histories through the weld for the 8 mm thick welded
automotive grade steel HA350 specimens.
As mentioned in section 7.3, previous studies [3-6] have shown that α ≈ 2 in the HartmanSchijve-McEvily equation works well for a range of material. Consequently crack length
histories for 4 different cracks in 8 mm thick welded HA350 specimens (at R = 0.2) were
computed using α = 2 (see Equation 7.10).
It was found that using ∆K thr =4.5 , D = 5.5 x 10-10 and A = 75 MPa√m in Equation 7.10 led to
good agreement between the measured and computed crack growth as shown in Figure 7.20.
It should also be noted that the values of D and A were similar to those used to predict the
crack length histories for the welded 3.5 mm thick XF400. This is perhaps expected as the
same weld material was used in both cases which could indicate that the different steel alloy
parent material and different thicknesses of weld had little effect on the crack growth
characteristics.
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Figure 7.20(a) – (d) Measured and Predicted crack length histories using HSM equation for
4 different cracks tested at R = 0.2, σ max = 310 MPa and ∆σ = 248 MPa
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7.5 Conclusion
This chapter has presented a study into the applicability of the Hartman-Schijve-McEvily
(Equation 7.2) crack growth equation, which is a subset of the Nasgro equation for a range of
aerospace, rail, and naval materials. It was seen that the associated crack growth data can often
be reasonably well represented with an exponent α that is approximately 2, which conforms
to previous researchers [3-6] who have presented crack growth equations whereby da/dN is
related to (∆K - ∆K th )2.
The examples presented in this chapter have shown that as proposed in [45] for aerospace and
rail steels, when using Equation 7.2 to model both short and long cracks the ‘short crack’
anomaly that is generally observed in traditional da/dN vs ∆K plots essentially vanishes.
It has also been shown that the growth of short cracks in the welded automotive grade steels
XF400 and HA350 can be modelled using the Hartman-Schijve-McEvily crack growth
equation with α = 2 and a material constant, D of 5.5 x 10-10.
The crack growth rate for both welded XF400 and HA350 steels can therefore be expressed
as:

(∆K − ∆K thr )
da
= 5.5 × 10 −10 ⋅
K
dN
1 − max
75

2

(7.11)

where ∆K thr is empirically obtained. Whereas for aerospace materials ∆K thr becomes very
small as the size of the crack reduces, and for welded steels, the residual stresses result in a
non-zero value of ∆K thr.
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Chapter 8: Conclusions and
Recommendations
This chapter presents a summary of the outcomes of the research undertaken and relates them
to the aim and objectives stated in Chapter 1. Some recommendations for possible areas of
future work are outlined at the end.

8.1 Conclusions
The main aim of this research was to investigate fatigue cracking in welded automotive grade
steels with a particular focus on welded XF400 and HA350 steels. As discussed in Chapter 2,
one of the main aspects of fatigue cracking that has raised recent attention is the fatigue crack
growth of short cracks in Region I, where numerous researchers [1-3] have shown that the
similitude hypothesis is invalid. This implies that the popular Paris equation and its variants
should not be used to predict crack growth in Region I and therefore the need for nonsimilitude based crack growth equations were required to accurately model those short cracks.
In this research, the applicability of two non-similitude based crack growth equations (the
Generalised Frost-Dudgale equation and the Hartman-Schijve- McEvily equation which is a
subset of the Nasgro equation [6]) was investigated to represent short crack growth in welded
XF400.
In order to obtain fatigue crack growth data for welded XF400, an experimental study using
24 single edge notch tension specimens (SENT) was conducted. Two XF400 plates were semiautomatically welded from which 200 mm long x 25 mm wide specimens were cut, machined,
surfaced ground to 3.5 mm thick and polished to achieve a smooth surface prior to cutting a
0.5 mm deep 45o V-notch on one side of each specimen. Constant amplitude loading tests for
4 different R-ratios (R = 0.2, R = 0.25, R = 0.4 and R = 0.5) for two configurations were
performed:
(1) Constant remote stress range ∆σ = 201 MPa for R = 0.25, R = 0.4 and R = 0.5.
(2) Constant peak remote stress, σ max = 335 MPa for R = 0.2 and R = 0.4.
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The surface crack length histories on either side of each specimen were obtained using digital
cameras capable of accurately measuring crack lengths of 0.05 mm and as shown in Chapter
3 and 4, it was found that in all cases crack growth was confined to the weld and the cracks
on each side of a sample appeared to grow as individual cracks to a length of approximately
1.5 mm before joining and growing as a through crack. A post fracture analysis of the crack
surfaces together with the crack growth data indicated the initial flaws were approximately
quadrant shaped, i.e. with an equal depth and the surface length.
In order to predict fatigue crack growth, the stress intensity factor solutions were required.
Since no analytical solution for the stress intensity factors of a three dimensional crack with
this particular shape edge (V-notched) could be found, Chapter 5 developed a 3-D finite
element model of the specimen for various crack lengths (ranging from 0.1 mm to 1.5 mm)
from which the stress intensity factor (K) was calculated.
Jones et al. [4] have shown that the two parameter crack growth model developed by Noroozi
et al. [5] (with the crack modelled as a notch with a small but finite tip radius), reduced to the
GFD equation when expressing the threshold stress intensity range as a function of crack
length as given in the NASGRO user’s manual [6] viz:

(

da
(1− p ) ( 2 −γ ) / 2γ
= C * ∆K totp (K max,tot )
a
dN

)

γ

(8.1)

where C* is a material constant, K max,tot is the total maximum SIF, ∆K tot is the total SIF range
and p is the driving force constant.
Chapter 6 reveals that using first principles, the GFD equation can also be derived if the crack
tip is sharp (as modelled in the FEA analysis in Chapter 4) and the crack tip singularity is
described by the Hutchinson, Rice and Rosengren (HRR) [7, 8]. The applicability of GFD
crack growth equation was illustrated via a range of aircraft and rail materials [2, 9, 10 & 11],
where it was found that typically m*= 3 worked well for the range of materials investigated.
In this research, it has also been shown that the growth of short cracks in welded automotive
grade steel XF400 and HA350 can also be predicted using the GFD crack growth equation
with m* = 3 as similarly reported in [2, 9, 10 & 11] and a material constant, C* = 9.0 x 10-9.
However, the residual stresses induced by the welding process resulted in a value of p what
was dependent of the R-ratio. As such, this approach is not recommended to predict crack
growth in welded automotive grade steels.
170

Chapter 7 illustrated the applicability of another non-similitude crack growth equation, termed
the Hartman-Schijve-McEvily variant of the Nasgro equation [16], viz:
da/dN = D ((ΔK – ΔK thr )/√(1-K max /A))α

(8.2)

where D is a constant, A is the cyclic fracture toughness, ΔK thr is the apparent fatigue threshold
and α is a constant.
A number of examples of fatigue crack growth in a range of aerospace, rail and naval materials
were investigated where it was found that the crack data can often be reasonably well
represented an exponent α that is approximately 2 which conforms to previous researchers
[12-15] who have presented crack growth equations whereby da/dN is related to (∆K - ∆K th )α
whereby α = 2. Furthermore, the examples presented Chapter 6 have shown that Equation 7.2
can be used to model both short and long cracks and that as explained in [16], when formulated
in this form, the ‘short crack’ anomaly that is generally observed in traditional da/dN vs ∆K
plots essentially vanishes.
It has also been shown that the growth of short cracks in welded automotive grade steel XF400
and HA350 can be modelled using the Hartman-Schijve-McEvily variant of the Nasgro crack
growth equation, with α = 2, as similarly found in the examples presented in Chapter 6, and a
material constant, D of 5.5 x 10-10. However, whereas for rail and aerospace materials the
value of ∆K thr asymptotes to a small value as the crack length decreases [16, 17] the residual
stresses associated with the welding process mean that that this is not true for welded
structures. In this case, it appears that the effect of the residual stresses is reflected in a nonzero value of ∆K thr .
This finding suggests that the Hartman-Schijve-McEvily variant of the Nasgro equation is
superior when attempting to model crack growth in automotive welds. It thereby presents an
alternative to computing the time to grow a crack from a small non detectable size to a size
that can be visually detected and hence may represent an alternative to S-N based design
curves.
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8.2 Recommended Future Work

The recommendations for future research are outlined below:
•

Conduct a study for long cracks using the Hartman-Schijve-McEvily equation for
welded XF400 and HA350 to further substantiate that this approach can unify the short
and long crack growth data.

•

Perform laboratory test on coupons from an actual automotive structure made from
welded XF400 and HA350 to check if this formulation can reproduce components
fatigue life.

•

Conduct experimental programs for both short and long cracks for a range of
automotive grade steels and investigate crack growth in the welds, HAZ and parent
material.

•

Investigate the scatter inherent in weld tests and evaluate if as hypothesized in [16],
this scatter can be captured by the Hartman-Schijve-McEvily variant of the Nasgro
equation.
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Appendix A – Camera calibration & Post-processing of
images

The following paragraphs briefly review how the crack lengths in the experimental study
were captured and post-processed using two Sony digital cameras.
The cameras were mounted on brackets attached to the fatigue test machine on either side of
the notched specimen as shown in Figure 3.13. Prior to testing, a 2 mm x 2 mm square grid
was placed on the sample and the cameras were focussed to get a reasonably clear picture as
shown in Figure A.1 below in order to quantify the number of pixels corresponding to 2
mm.

2 mm

Figure A.1: Calibration image from camera (Each square of the grid measures 2 mm x 2 mm)

175

During testing, images were captured at various number of cycles and the image filenames
were recorded accordingly. The crack lengths were calculated using the following
procedures:
1. The calibration images were loaded in IrfanView V4.0 imaging software.

2. The XY coordinates of the corners of each grid were obtained by holding the cursor
at the corners.

3. Pythagoras theorem was applied to get the number of pixels between the two corners
(which correspond to 2 mm)
Distance =

( X 2 − X 1 )2 + (Y2 − Y1 )2

4. Step 3 was performed for a few grids and the average distance corresponding to 2
mm was calculated.

5. The last and second last image were loaded in IrfanView 4.0 and flicked through
quickly to identify the location of the final crack length on the last image. (I found
that the most effective way to measure the crack size is to start at the end and to flick
through 2 consecutive pictures quickly as it makes it easier for the eye to spot the
difference in crack length)

6. Step 2 was repeated to get the coordinates of the notch (the crack was assumed to
initiate at the notch) and the final location of the crack.

7. Step 3 was repeated to find the distance covered by the crack.

8. The crack length (in mm) was then calculated by:

Cracklength(mm) =

cracklength × 2
calibrationlength
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Appendix B – Stress distribution from FEA
100 mm

75 mm

50 mm

25 mm

0
(a)

(b)

Figure B.1: (a) Stress distribution across a 100 mm long welded specimen at various
distances away from a V-notch. (b) Stress distribution up to 25 mm away from the V-notch
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Appendix C – Equations from Newman (1986)
a
M 1 = 1.13 − 0.09 
c
M 2 = −0.54 +

M 3 = 0.5 −

(C.1)

0.89
0.2 + a

( c)

1

(C.2)
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Appendix D – Fracture Surface Images
Figures D.1 and D.2 show some images from the high magnification optical microscope
(including annotations of what appeared to be crack geometries) of the fracture surfaces from
two experimental samples at R = 0.4.

Figure D.1a. Crack surface of test specimen A4 tested at R=0.4

Figure D.1b. Crack surface of test specimen A4 tested at R=0.4 with annotations of
apparent crack geometry
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Figure D.2a. Crack surface of test specimen A6 tested at R=0.4

Figure D.2b. Crack surface of test specimen A6 tested at R=0.4 with annotations of
apparent crack geometry
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