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The future of high technology welded constructions will be characterised by higher strength materials and 
improved weld quality with respect to fatigue resistance. The expected implementation of high quality high 
strength steel welds will require that more attention be given to the issues of crack initiation and mechanical 
mismatching. Experiments and finite element analyses were performed within the framework of continuum 
damage mechanics to investigate the effect of mismatching of welded joints on void nucleation and 
coalescence during monotonic loading. It was found that the damage of under-matched joints mainly 
occurred in the sandwich layer and the damage resistance of the joints decreases with the decrease of the 
sandwich layer width. The damage of over-matched joints mainly occurred in the base metal adjacent to the 
sandwich layer and the damage resistance of the joints increases with the decrease of the sandwich layer 
width. The mechanisms of the initiation of the micro voids/cracks were found to be cracking of the inclusions 
or the embrittled second phase, and the debonding of the inclusions from the matrix. Experimental fatigue 
crack growth rate testing showed that the fatigue life of under-matched central crack panel specimens is 
longer than that of over-matched and even-matched specimens. Further investigation by the elastic-plastic 
finite element analysis indicated that fatigue crack closure, which originated from the inhomogeneous 
yielding adjacent to the crack tip, played an important role in the fatigue crack propagation. The applicability 
of the J integral concept to the mismatched specimens with crack extension under cyclic loading was 
assessed.  
 
The concept of fatigue class used by the International Institute of Welding was introduced in the parametric 
numerical analysis of several welded joints. The effect of weld geometry and load condition on fatigue 
strength of ferrite-pearlite steel joints was systematically evaluated based on linear elastic fracture 
mechanics. Joint types included lap joints, angle joints and butt joints. Various combinations of the tensile 
and bending loads were considered during the evaluation with the emphasis focused on the existence of both 
root and toe cracks. For a lap joint with a small lack-of-penetration, a reasonably large weld leg and smaller 
flank angle were recommended for engineering practice in order to achieve higher fatigue strength. It was 
found that the fatigue strength of the angle joint depended strongly on the location and orientation of the pre-
existing crack-like welding defects, even if the joint was welded with full penetration. It is commonly 
believed that the double sided butt welds can have significantly higher fatigue strength than that of a single 
sided welds, but fatigue crack initiation and propagation can originate from the weld root if the welding 
procedure results in a partial penetration. It is clearly shown that the fatigue strength of the butt joint could be 
improved remarkably by ensuring full penetration. Nevertheless, increasing the fatigue strength of a butt joint 
by increasing the size of the weld is an uneconomical alternative.  
 
Keywords: Welded Joints, LEFM, Mismatching, Fatigue, FEM 
UDC 624.078.45 : 539.422.24 
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Nomenclature 
 
a  crack length 

0a ,  ia initial crack length 
c  material’s constant 
E  Young’s Modulus 

tE  slope of the uniaxial true stress-natural strain curve at the current stress level Mσ  
f  current void volume fraction 

cf  critical void fraction 

Ff  modified void volume at failure 

uf  original ultimate value of void volume fraction 

Nf  volume fraction of void forming particle 
f&  differentiation of void volume fraction 

failuref&  differentiation of void volume fraction due to the influence of material failure 

growthf&  differentiation of void volume fraction due to the increment of existing voids 

nucleationf&  differentiation of void volume fraction due to the increment of nucleation of new voids 
Hv  Vickers hardness 
J  Rice’s contour integral 
K  stress intensity factor 

K∆  range of stress intensity factor 
cK  material constant 

m  material’s constant 
N  number of fatigue cycle 

charN  characteristic fatigue life 

meanN  mean fatigue life 

refN  reference fatigue life 

1 2 3, ,q q q  extra parameters for modified Gurson’s model 
S  standard deviation 

ijs  stress deviator 
W  strain energy density 
Y  fracture mechanics geometry factor 
δ

p
 elongation 

mε  effective plastic strain 

nε  mean strain for void nucleation  
( ) p

kkε&  plastic part of the macroscopic strain increment 
ε∆  strain range of a cycle 

ϕ  area reduction  
Φ  Gurson’s yield function for axially symmetric deformation 
ν  Poisson’s ratio 

ijσ  average macroscopic Cauchy stress tensor 

Mσ  equivalent tensile flow stress representing the actual microscopic stress-state in the 
matrix material 
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eqσ  macroscopic effective von Mises stress 

sσ  uniaxial yield stress 

bσ  ultimate stress 
σ∆  stress range of a cycle 
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Original Features 
 
Work in this thesis has been focused on the geometrical discontinuities, root side cracking, 
mechanical mismatching, and the damage and fatigue behaviour of welded joints. Both 
experimental and finite element analysis methods have been employed. The problems considered 
are relevant to future generations of fabricated structures that are expected to employ higher grades 
of steel and have higher fatigue strength requirements. The formation and growth of micro-voids 
and micro-crack initiation and growth mechanisms were explored from the materials point of view 
in terms of continuum damage mechanics.  Extensive finite element analysis and linear elastic 
fracture mechanics has been used to parametrically evaluate several joint types with respect to 
fatigue. The following features are believed to be original: 
 
(1)  The effect of critical geometric parameters and loading conditions on fatigue strength were 

considered for three commonly used joint types. The joint geometries were the lap joint, angle 
joint and butt joint. These were only three of the joints considered within a larger research effort 
leading to the development of a practical engineering tool for the assessment of thick walled 
structures where full penetration cannot always be assured. Fracture mechanical based 
numerical studies on hundreds of models were conducted in this effort. Reasonable weld 
geometry parameters were suggested. 

 
(2)  Damage of welded joints was investigated by experimental and numerical methods. The damage 

mechanisms were demonstrated and the critical damage location of the joints was predicted and 
the damage resistance was evaluated. 

 
(3)  Fatigue crack growth in idealized welded joint models was studied both by experimental and 

finite element methods. The effect of mechanical mismatching on fatigue crack growth rate and 
fatigue was interpreted by its effect on fatigue crack closure. 

 
(4)  The applicability of elastic-plastic fracture mechanics as a parameter to characterize low cycle 

fatigue in welded joints was assessed. This included both CTOD and the J-integral.  
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1   Introduction 
 
Weldments and welded joints are used in a variety of safety critical structures, including buildings, 
ship and offshore structures, machinery, power plants, automobiles and airframes etc. Very often, 
welds are the only practical means for joining massive structures which themselves can be subject 
to adverse loading conditions. Weldments and welded joints are often the objects of intense scrutiny 
when structural weight is considered or when fatigue or fracture problems. The study of damage 
and fatigue in welded joints is, therefore, of great relevance when assessing the durability and 
damage tolerance of a structure. 
 
Fatigue failures remain a depressingly common occurrence despite more than a century of research 
effort since the first fatigue failure in railway axles was reported [1]. This is partially the result of 
engineers continuing to strive for using new materials and to “push the limit” for load carrying 
structures. Many cyclic loaded structures and components are now fabricated by welding. Past 
experience, however, has shown that a high proportion of fatigue failures are associated with welds 
[2-4]. 
 
Fortunately, the importance of designing welded structures against fatigue failure has been 
recognized for some time, and current standards and codes of practice include fatigue design rules 
for welded joints [5-10]. Despite the continuing occurrence of fatigue failures, there does not seem 
to be any evidence of an inadequacy in current design rules. In some failure cases, the possibility of 
fatigue fracture was never considered, although the incidence of this category of oversight is 
steadily decreasing. In other failures, fatigue design was not carried out sufficiently thoroughly, the 
main deficiencies being the incorrect estimate of the structural loading, inadequate stress analysis 
with respect to fatigue, unexpected cyclic loading, and the presence of significant weld flaws arising 
from poor welding and inspections practices. Unfortunately, many engineers also do not have an 
appreciation for the effect of welding variations and geometry changes on fatigue. If weld geometry 
or the welding processes are changed during fabrication, the fatigue strength of a component may 
be completely unknown. 
 
Fatigue failure usually includes two stages: crack initiation and crack propagation. Studies in the 
recent decades have shown that the initiation and propagation of cracks from welded joints is 
different from that in homogeneous base materials due to the high level of residual stresses, strength 
mismatching, complex microstructure, etc., found in welds [11-21]. For longer life fatigue, the 
failure process can be considered as stress controlled dominated by crack propagation. For shorter 
life fatigue, however, the failure is frequently found to be a strain controlled process, such as low 
cycle fatigue (LCF), and crack initiation is usually modelled.  
 
In engineering practice, fusion welding is widely used during the fabrication of complex structures. 
The production of fusion welds is similar in many respects to metal-producing operations. The 
composition limits that must be met by the weld metal are as equally restrictive as those applied to 
regular cast and wrought products. Welding processes are unique, however, because of the unusual 
conditions applied to welds result in highly localized hardening treatment. Extremely rapid thermal 
changes often take place. These unusual conditions result in localized expansion and contraction, 
chemical reactions between the metal and the ambient atmosphere, abrupt microstructural changes 
and alterations in mechanical and physical properties. 
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1. 1 Objectives 
 
If past trends hold true, increased strength demands will be placed on welds in future generations of 
structures. There is clearly a trend in many industries toward the use of higher strength materials, 
which will place more demand on the geometry control of welded connection and on the 
mechanical strength mismatching of the joint. Some priority issues that will comprise topics for 
future research on welded joints includes:  

- The influence of geometrical discontinuities combined with crack-like welding 
imperfections on fatigue strengths, 

- Better understanding of the important role of the weld joint geometry, including lack of full 
penetration, on fatigue strength, 

- Identifying the site of potential crack initiation for smooth and defect free welded joints,  
- Better understanding of the influences of mechanical mismatching on fatigue for current and 

new generations of materials in order to correctly specify the correct matching for 
fabrication, 

- Identifying the applicable parameters governing the initiation and propagation of fatigue 
crack in welded joints with mechanical mismatching, and 

- Clarifying the mechanisms that cause the distinct behaviour of welded joints as compared to 
homogeneous materials with respect to fatigue. 

 
With the above issues in the mind, the research effort leading to this thesis has focused on 
investigating and understanding the effect of geometrical discontinuities on fatigue strength. This 
included extensive numerical parametric studies of several typical joint types. Especially considered 
were, e.g., plate thickness of the members to be joined, the dimensions of the welds and the pre-
existence of cracks including both toe defects and lack of full penetration.  
 
The effect of mechanical mismatching of welded joints on the behaviour of micro crack initiation 
was also investigated within the framework of continuum damage mechanics (CDM) and elastic 
plastic crack propagation.  The effects of different mechanical and geometric parameters on fatigue 
fracture of a welded joint using linear elastic fracture mechanics was studied. These investigations 
provide the information needed to make practical evaluation of fatigue crack phenomenon in defect 
free welded joints and welded joint with pre-existing cracks or crack-like imperfections.  
 
1. 2 Research Methods and Outline of the Work 
 
Both numerical and experimental methods were used to study both crack initiation and propagation 
in welded joints. These methods have been employed by a number of researchers in the past 
decades with great success. The methods are, therefore, well established and well suited for the new 
issues addressed in these studies. Throughout this thesis, relatively simple load conditions have 
been used both in the experiments and in the numerical simulations. Variable amplitude or other 
types of complex loading are not considered. 
 
1. 2.1 Aspects of Geometrical Discontinuities and Mechanical Mismatching of Welded Joints 
 
Since it is believed that the geometrical discontinuities and mechanical mismatching have 
importance influence on fatigue behaviour of welded joint, the systematic study of geometrical 
discontinuities and mechanical mismatching is a precondition for understanding of the unique 
behaviour and mechanisms of crack initiation and growth in welded joints. 
 



- 3 - 

During the welding process, different portions of the joint undergo different thermal cycles that 
produce a variety of microstructures and mechanical properties. The changed microstructures of a 
welded joint, from weld to base metal, are classified as 1) weld solidified cast-like structure zone, 2) 
solid-liquid transition structure zone, 3) coarse grain zone, 4) recrystallized zone, 5) partial 
transformed zone, 6) tempered zone and 7) unaffected base metal respectively [22]. The variation in 
mechanical properties from one zone to the next results in significant mechanical mismatching or 
mechanical heterogeneity that becomes critical in understanding high quality welded joints.  
 
Following a literature review, the geometrical discontinuity and mechanical mismatching of welded 
joints is summarized in Chapter 2. Geometrical discontinuity dependency, mismatching effects of 
welded joints, concerning the fatigue strength evaluation and fatigue crack propagation behaviour, 
were presented. 
 
1.2.2  Crack Initiation in Welded Joints 
 
Evidence suggests that the fatigue crack initiation behaviour of high quality, smooth and essentially 
defect free welded structures is strongly influenced by mechanical mismatching. A scanning 
electrical microscope (SEM) with a dynamic loading system was the primary experimental tool for 
making direct observations of the initiation, cohesion and growth of micro voids and micro cracks. 
Emphasis was focused on the influence of mechanical mismatching on the behaviour of initiation 
and cohesion of the micro voids and micro cracks. This is described in Chapter 3. 
 
A numerical study of crack initiation is included in Chapter 4. Gurson [23,24] was the first to 
suggest that the scalar parameter, micro void volume fraction, could be used for the description of 
the nucleation and growth of micro voids in ductile materials. The modified Gurson’s model, 
suggested by Tvergard and Needleman [25-27] with respect to the behaviour of small void volume 
fractions and for void coalescence has been adopted in this thesis and is implemented with the finite 
element approach in Chapter 4 to simulate the damage evolution in welded joints during monotonic 
loading. 
 
1.2.3  Fatigue Crack Growth and Characterization 
 
1.2.3.1 Linear Elastic Fracture Mechanics (LEFM) Approach 
 
In view of its importance of the structural integrity of welds, fatigue crack growth has received 
considerable attention [3,28]. The LEFM approach provides a particularly convenient means of 
correlating fatigue crack growth rate data because the stress conditions at the crack tip can be 
described by a single parameter, the stress intensity factor. Many attempts have been made to 
describe the fatigue crack growth rate curve, usually semi or wholly empirical. For a wide range of 
mode I crack growth rates, data are conveniently represented by the Paris-Erdogan equation [29], 
which is commonly encountered in the literature and is widely used to assess fatigue crack 
propagation. Paris’s power law is also recommended by IIW for the calculation of fatigue class of 
welded joint and components [9].  
 
The fatigue classes of several welded joints, including butt joint, angle joint and lap joint, were 
calculated based on IIW recommendation and the methodology was presented in Chapter 4. The 
above results are a part of the project X-FAT whose aim was to provide a practical methodology for 
design engineers when choosing the thickness of the plates to be joined, the dimensions of the 
welds, the load conditions and the relevant degree of penetration. The possibility of both root cracks 
and toe cracks were studied parametrically.  
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The X-FAT project included a large group of welded joints that were of interest to Finnish 
industrial companies designing thick walled structures. The joints considered are shown in Figure 
1.1. Work done during this thesis contributed partially to an extensive database and a related 
software package. The front page of the software X-FAT is shown in Figure 1.2.  
 
1.2.3.2 Elastic-plastic Fracture Mechanics (EPFM) Approach 
 
Basic principles adopted in IIW recommendations for the determination of the driving force of a 
fatigue crack, the stress intensity factor range, are only based on the consideration of structural 
discontinuities such as the section changes near the joint, possible misalignment and the profile of 
weld, etc. A more complete solution of fatigue crack growth in welded joints and components 
depends not only on the mechanical properties of the material at crack tip, but also on the 
mechanical properties of adjacent area. In the low cycle fatigue regime it is known that the fatigue 
life of joints with similar geometries and weld profiles can show big differences in strength if the 
welding process parameters or filler metal are changed. Additionally, in case of low cycle fatigue 
when yielding and crack tip plasticity are involved, the concept of linear fracture mechanics is no 
longer valid for characterizing fatigue crack growth. LEFM cannot be adopted unless the region of 
plasticity surrounding the crack tip is small in comparison with both crack length and the remaining 
ligament of the uncracked material [30]. Accordingly, elasto-plastic fracture mechanics (EPFM) 
approach should be adopted in charactering fatigue crack growth in cases the yielding and crack-tip 
plasticity are concerned. 
 
In Chapter 4, this thesis presented the challenges that might be faced in applying conventional 
concepts, such as the J integral, COD/CTOD, and crack closure in the evaluation of fatigue crack 
growth of welded joint [31-52]. A detailed explanation for applying of the J integral concept in 
welded joints, both under monotonic and cyclic load conditions, is presented in appendix B. 
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Fig.1.1 Thick wall welded joints involved in X-FAT 
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Fig.1.1 Thick wall welded joints involved in X-FAT (cont.) 
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Fig. 1.2 Initial user interface screen for the X-FAT program. 
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2   Geometrical Discontinuity and Mechanical Mismatching  
 
In engineering practice, it is frequently noted that the behaviour of a welded structure under 
conditions likely to result in fatigue failure is determined primarily by the severity of the 
stress concentration produced by geometrical discontinuities and by the inherent mechanical 
mismatching of the joints. For this reason it is important to understand both the geometrical 
discontinuity and the mechanical mismatching of welded joints well before any investigation 
concerning the damage or fatigue could be performed. 
 
2.1 Geometrical Discontinuity Dependency of Welded Joints 
 
A discontinuity can be defined as an interruption of the typical structure of a material. This 
can be a lack of homogeneity in its mechanical, metallurgical, or physical characteristics. 
However, it is important to note that a discontinuity is not necessarily a defect. In the absence 
of weld defects, the major stress concentration in an as-welded joint originates from the 
geometrical discontinuities including misalignment of the joined plates, concavity or 
convexity of the weld metal, improper reinforcement (extra weld metal) and other process 
related welding imperfections like undercut, incomplete penetration, surface irregularity, etc. 
Damage and fatigue failure invariably occurs from such stress concentration locations.  
 
It is a generally accepted fact that the main controlling parameter for fatigue failure is the 
stress range, i.e. the difference between peak and trough values of the fluctuating stress. In a 
welded component, the geometrical discontinuities can produce essentially global or local 
effects on the fatigue behaviour by increasing the stress level. Normally, the stress raisers in 
welded structures are contributed by the effect of macro geometry changes, the effect of 
structural discontinuities and the effect of local notches [53]. It is believed that a local notch 
does not alter the structural stress, i.e. the sum of membrane and shell bending stresses, 
however, it does produce a nonlinearity in the stress distribution, usually in the thickness 
direction of the weldment. A nonlinear stress peak is found to be one reason why a surface 
defect located at a notch is more dangerous that an embedded defect.  As an example, the 
stress distribution across the plate thickness and along the surface in the vicinity of a weld toe 
is shown in Figure 2.1. 

 
Fig.2.1  Stress distributions across the plate thickness and along the surface in the vicinity of 
a weld toe [53]. 
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The geometrical details, e.g. the local notch at the weld toe, can vary significantly along a 
weld and between welds. Therefore, the distribution of the stress is of an appearance of 
random value. In order to perform fatigue assessment and life prediction of welded structures, 
an appropriately detailed stress analysis must be performed for the chosen analysis method. 
However, it may often be difficult to decide on the degree of accuracy that should be chosen 
for a certain stress analysis job. Nevertheless, four basic approaches to fatigue life prediction 
of welded components have been proposed [53]. The four approaches are 1) the nominal 
stress approach, 2) the structural hot spot stress or strain approach, 3) the local notch stress or 
strain approach and 4) the fracture mechanics approach respectively.  
 
Nominal Stress Approach: Structural design codes for fatigue of welded structures normally 
rely on the nominal stress approach in which different joint types are assigned characteristic 
fatigue strength values based on laboratory testing of various joints. Each fatigue strength 
curve is identified by the characteristic fatigue strength of the detail at 2 million cycles. This 
value is the fatigue class (FAT) [9]. Joint details are grouped into fatigue classes that have 
similar fatigue strength. For example, IIW [9] defines 14 fatigue classes and BSI [6] defines 9 
fatigue classes that correspond to the stress range at two million cycles to failure. The S-N 
curves of steel based on the normal stress ranges are illustrated in Fig. 2.2.  This nominal 
stress approach largely ignores the actual dimensional variations of a particular structural 
detail, which is an obvious drawback. Moreover, the form of a welded component is often so 
complex that the determination of the nominal stress is difficult or impossible. This approach 
should be considered applicable whenever the structural discontinuity is comparable with one 
of the classified details included in the relative design rules and the detail is free from 
significant imperfections. Usually, the descriptions of the structural details only partially 
include information about the weld size, shape and quality. More reliable fatigue assessment 
can only be achieved by accounting for the above factors after a detailed stress analysis. 
 

 
 

Fig.2.2 Fatigue resistance S-N curves for steel (normal stress) [9] 

  

Hot Spot Stress/Strain Approach: This approach considers the stress raising effects of the 
structural discontinuity, including the concentration of the membrane stress and formation of 
shell bending stresses. However, the effect of the local notch at the weld toe is excluded. The 
location, where a crack is expected to initiate is termed the hot spot and the hot spot stress is 
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the value of structural stress at this location. Fatigue strength is expressed as one or more S-N 
curves that consider, for example, weld quality of the load-carrying / non-load-carrying nature 
of the joint. The spot stress approach is used mainly for joints in which the weld toe 
orientation is generally transverse to the fluctuating stress component and the crack is 
assumed to grow from the weld toe. This approach is not suitable for joints in which the crack 
would grow from embedded defects or from the root of a fillet weld.  
 
Notch Stress/Strain Approaches: Early research [54] indicated that weld shape and other local 
factors have a controlling influence on the fatigue strength of welded joints. Local notch 
approaches are based on the stress/strain state at the notch directly produced by the weld. All 
stress raisers, including the local notch effect, must be taken into account during the analysis. 
Usually, the local stress components at the notch root are converted into an equivalent stress 
amplitude. The S-N curve is then determined from tests on welded joints by plotting the log 
equivalent stress amplitude versus log life. The notch stress/strain approach predicts the 
initiation life for a crack at the root of a notch, in contrast to the nominal and hot spot stress 
approaches which predict the life to complete failure in compact cross sections, or to the 
formation of a through-thickness macro crack. The IIW [9] makes use of an effective notch 
method where a local notch root radius of 1.0 mm is assumed at both the weld toe and weld 
root.   
 
Fracture Mechanics Approach: Fracture mechanics is used extensively in chapter 4 of this 
thesis. In this approach, stress, joint geometry and crack dimensions are used to determine the 
value of the stress intensity factor range at the various stages of crack propagation. The 
number of cycles to failure from an assumed or measured initial crack size to the final one is 
predicted accordingly. This approach is a very versatile method, especially whenever a 
damage tolerant design is required, or fitness-for-purpose of a structure containing flaws 
needs to be assessed. 
 
Disregarding major weld defects, fatigue cracks are often found to originate from the weld toe 
and then propagate through the base metal. Alternatively cracks may originate from the weld 
root and then propagate through the weld throat. In general, the nominal stress in the base 
metal has to be calculated for potential toe cracks and the nominal stress in the weld throat 
has to be calculated for the potential root cracks. It is worth noting that processes, especially 
arc welding, always introduce cracks or other types of crack-like imperfections into welded 
joints. This is normal engineering practice even for joints with high quality control 
requirements. On the one hand, the existence of cracks or crack-like welding imperfections 
alters the distribution of stresses across the joint and, on the other hand, reduces the fatigue 
strength of the joint by eliminating the crack initiation stage.  
 
2.2 Mismatching of Welded Joints 
 
Continuing worldwide demand for cost effective fabrication techniques places increasing 
emphasis on the need for reliable welds. Reliability is in terms of static integrity, fatigue 
resistance and safety against brittle failure. This demand places more and more emphasis on 
the question of how to match the weld metal with the base metal. Recognizing this question, 
the IIW in 1993 established Sub-Commission X-F “Weld Mis-match Effect”. The 
Commission of the European Communities held a related workshop in December 1993 in 
Brussels. Two international symposiums on mismatching of welds were organized by GKSS 
Research Centre (Germany) in 1993 and 1996 respectively. The topics such as the effect of 
strength mismatching of welded joints, the structural significance of strength of mismatching 
and the service behaviour of the structural components containing strength mismatched joints 
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are being investigated worldwide. The complexity of this subject has sometimes led to 
contradictory conclusions, but significant progress has been achieved in understanding the 
deformation and failure behaviour of welded joints with respect to their mismatching 
characteristic.  
 

  

(a)  Peak temperature reached across HAZ [55] (b) Micrograph of a welded joint 

Fig. 2.3   Characteristic of fusion welded joint 

 
2.2.1 Matching and Mismatching Concepts 
 
In fusion welding, weld metal, HAZ (Heat Affected Zone) and base metal experience 
different thermal cycles. The peak temperature reached at varying locations within HAZ 
varies significantly within a very narrow strip as is illustrated in Figure 2.3 (a). The steep 
temperature gradients and the rapid thermal cycles resulted in a sharp alteration of 
microstructures across the zone as is shown in Figure 2.3 (b). From this sample observation, it 
is clear that the micro and macro heterogeneity is a basic characteristic of the welded joint.  
 
In addition to the microstructure changes across the joint, the mechanical properties also 
change dramatically in the joint zone. Quantifying the degree of mismatching, involves, 
firstly, precise determination of the critical mechanical property and, secondly, a suitable 
averaging method to integrate local variations in a global parameter. 
 
Before a practical assessment methodology is established, a better understanding of the 
alteration of the mechanical properties, due to the mechanical heterogeneity, across the joint 
is needed. 
 
2.2.1.1 Hardness Distribution 

 
An evaluation of the mismatching effects necessarily includes referencing the variation of the 
material properties. As already stated, a weld is intrinsically a heterogeneous connection in 
which metal characteristics may display sharp gradients. Investigators have introduced the 
easy-to-measure micro-hardness hardness as an important mechanical parameter to show the 
mechanical heterogeneity of welds.  
 

   

Hardness distributions across welded joints from four different C-Mn steels are illustrated in 
Fig 2.4 and reveal the dramatic mechanical heterogeneity of the joints [56]. This factor must 
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be included in the strength and fatigue assessment.  

 
 

Fig.2.4 Hardness distributions across welded joints from four different C-Mn steels [56]. 
 
2.2.1.2 Tensile Strength Variation  
 
The complexity of the suitable definition of matching or mismatching is illustrated by the 
concept of “yield strength” in a tension test. Depending on the material, yield strength can be 
related to the conventional 0.2% offset proof stress, a work hardening coefficient as ”n”, or a 
tensile strength to yield strength ratio “Rm/Re”. 
 
For welded joints, a matching index may be derived relating hardness to appropriate tests for 
measuring tensile strength, ductility, toughness, etc. However, among all those tests, the 
monotonic tensile test thus represents only one, but and important, alternative. Figure 2.5 
illustrates some examples the assumed tensile properties based on hardness for over- and 
undermatched welds [57]. In this figure, “W”, “B” and “J” indicate the assumed stress-strain 
responses of the weld metal, base material and heat affected zone, respectively.  
 
2.2.2 Mismatching Effects  
 
Due to mismatching, the mechanical response of welded joints in service may be very 
different. Such responses are neither the same as that of base metal, HAZ itself, nor the same 
as that of pure weld metal. Although it is not possible to list all the characteristics of the 
mismatching response of the welded joints, the mismatching effect both on the fracture and 
fatigue behaviour of welded joints is worth noting. 
 
Within the framework of fracture mechanics, an advantage to using the CTOD is the direct 
relationship between the deformation and fracture mechanism at the crack tip and a physically 
measurable quantity. CTOD was, however, developed with homogeneous materials in mind 
and has shown to be more ambiguous when applied on inhomogeneous materials with 
asymmetric deformations in the process zone ahead of the crack tip.  
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Fig.2.5 Illustration of the monotonic tensile responses of mismatched welded joints [57]. 
 
As a further development, the total CTOD can be computed in place of the so called local 
CTOD[58]. Consequently, in this current research, an idealized welded joint model was 
investigated. The idealized model was a composite joint with two dissimilar materials and a 
crack located near the bond line. The uniqueness of the local CTOD was determined.  The 
relationship between the normalized local CTOD and the normalized plastic strain, both in 
tensile and bending and under various mismatch conditions, was established by 2D FE 
analysis. This relationship indicated that the plastic strain distribution could be determined 
unequivocally by the local CTOD as shown in Figure 2.6[59]. The above relationship by 3D 
FE analysis, however, indicated that the local CTOD is not a unique stress/strain controlling 
parameter [59,60].   
 
The overmatched and undermatched welded joints were modelled as a joint with a hard layer 
sandwiched between soft materials, SHS model, and one model with a soft layer sandwiched 
between hard material, HSH model, [61]. Results for an overmatched joint are shown in Fig 
2.7. In this figure it can be seen that when the applied nominal stress was greater than 50% of 
the yield strength of the sandwich layer, the CTOD value increased with decreasing sandwich 
layer width. It was believed that such changes originated from the local yielding in the soft 
material adjacent to the crack tip.  
 
Tensile and bend tests on cracked specimens reported in the literature were used to appraise 
the effect of mismatch on the relation between the overall loading and the actual crack tip 
opening displacement [62]. Figure 2.8 shows cases where degree of matching was varied 
between –27% (undermatching) and +45% (overmatching). The design curve in this figure is 
from BSI PD6493 and was drawn in each example as a reference for comparing experimental 
results. Obviously, these graphs indicate that more conservative estimations would be 
achieved for overmatched welds. The best agreement between both is achieved in nearly 
matching conditions. This has to be interpreted as the fact that the model shows its best 
capability when the joint displays as little heterogeneities as possible. 
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Fig.2.6, Normalized equivalent plastic strain vs. local CTOD [60] 

 

 
Fig. 2.7  Effect of Hard Layer Width on COD [61] 
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Fig.2.8 Comparison of applied CTOD values with CTOD design curve for different mismatch 

ratios [62] 
 
In addition to the CTOD parameter, researchers have also given attention to the effect of 
mismatch on another plastic fracture mechanics parameter, the J integral. It was found that, 
similar as that of the effect on CTOD, the J integral values increase with decreasing width of 
the sandwiched layer for the overmatched model as can be seen in Fig. 2.9(a) [61]. In cases 
where large plastic or fully plastic behaviour is concerned, the difference in the hardening 
coefficient of base metal and weld metal cannot be neglected. There is no theoretical basis for 
writing the solution of the J integral in a closed form since a simple power-law scaling with 
respect to load does not apply. However, it was found that the solution for J could be 
accurately represented via the introduction of geometry functions and mismatch functions. 
These functions then approximate a homogenous structure composed of materials with 
equivalent stress strain curves [63]. A result of applying this concept is shown in Fig 2.9(b).  
 
Overall, therefore, it may be seen that a number of methods, ranging from finite element 
analysis to approximate approaches based on the EPRI scheme, have been developed for 
estimating J in the plastic regime. The relationship between J and CTOD depends on the 
material where the crack tip is located and also on the degree of mismatch and the level of 
constraint. While the last two factors are not independent, the CTOD dependence on 
mismatch has been found to be negligible except for loads very close to the collapse load of 
the specimen or unless the weld width is small compared to the remaining ligament ahead of 
the crack [64].  
 
In assessing the fracture toughness of weldments, however, there is a need to know how 
fracture toughness and crack growth resistance are affected by the mismatching of the joints. 
As an example, the data reported by the Institut fur Eisenhüttenkunde der RWTH Aachen are 
illustrated in Fig 2.10. It is important to note the large range of transition temperature and 
upper shelf energy that can be displayed by different weld metals. Also interesting in this 
figure is the sharp transition shown by the modern steel grades that can be compared to a 
smoother process in the considered weld metals.  
 
With respect to the safety of welds, the question of the effect of mismatching on fatigue crack 
propagation has also been raised. Experiments on the overmatched joint models show that the 
fatigue crack growth rate decreases; therefore, the fatigue life increases with the decreasing 
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sandwiched layer width [61]. Some of these results are here reproduced in Fig. 2.11. It is 
believed that such effect is due to the decreased COD amplitude and the reduced alternating J 
integral in specimens with smaller sandwich layer width under the same cyclic load.  
 

  
(a) Effect of hard layer width of 
overmatched model on the J integral values 
in plane stress condition [61] 

(b) J solutions for plane strain CCP geometry 
[63] 

Fig. 2.9 The effect of mismatch on the J integral values  
 

 
Fig. 2.10 Charpy V curves of the base metals and the weld metals  [62] 

 
Weld mismatching, together with the influence of the crack location, generally leads to 
asymmetry of mechanical properties in the region of the crack tip. Consequently, the 
unbalanced yielding around the crack tip leads to the deviation of the crack growth path. In 
effect, even if the remote loading was Mode I with respect to the initial crack, the crack 
growth path deviates in such a way that the crack curves as shown in Fig. 2.12 (a)[65].  
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The deviation angle of the crack, however, depends on the degree of mechanical asymmetry 
in the region of at the crack tip. Nevertheless, it was found that the crack tended to grow 
towards the lower yield strength region. For overmatched centre-cracked specimens, the crack 
deviated from the original orientation towards the interface nearest the crack plane. This is the 
area with the most severe unbalanced yielding due to the adjacent softer material. For 
undermatched specimens, the crack grew towards the centreline of the sandwiched soft 
material. The deviation angle was found to increase with increasing eccentricity of the crack 
and nominal stress as shown in Fig. 2.12 (b)[61]. 
 

 
 

Fig. 2.11 a-N curves of sandwiched overmatched models [61] 
 
The mismatching of welded joints, of course, is of importance when assessment of a new 
welded joint is performed. However, welding is frequently used to repair or join replacement 
members to an existing structure and, in this case, the behaviour can then be governed by a 
weakest link concept where the weakest element controls the strength. This is in contrast to 
the parallel link concept where failure of one weld in a redundant structure sheds load to 
adjacent non-failed members. Work performed by IRSID (Institute de Rechrches de la 
Siderugie, France) is quite relevant in this regard. They attempted to apply local criteria for 
the assessment of the risk of failure. The relevance of this work is shown in Fig 2.13 that 
shows the influence exerted by the HAZ width on the toughness distribution. Failure 
probability was affected by the changes of the width of HAZ. Numerical calculations 
indicated, as in Fig 2.13, that the failure probability increases with the increasing of HAZ 
width.  
 
As regarding the engineering application of the fracture mechanics concepts to flaw 
assessment, an engineering model for assessing the significance of crack-like defects in 
engineering structures (EFAM ETM 97) has been developed by GKSS[39]. The EFAM 
consists of following two important elements. Firstly, the δ5 concept was suggested, as a 
measure of the crack tip opening displacement (CTOD), for determining the fracture 
toughness and the crack growth resistance in the form of R-curves and da/dt, K (stress 
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intensity factor), and the J integral values. Secondly, the engineering treatment model (ETM), 
for estimating δ5 as a crack driving force parameter, was established.  For assessing the 
significance of crack-like defects in joints with mechanical heterogeneity, a special 
engineering treatment model (EFAM ETM-MM 96) [66], was proposed for determining δ5 in 
mismatched welded joints.  
 

  
(a) Fatigue crack growth path in a weldment 

[65] 
(b) The effect of mismatch on crack deviation 

angle [61] 
Fig. 2.12 The effect of mismatching on fatigue crack propagation route  

 

 
 

Fig.2.13 Failure probability for different HAZ width [62]. 
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2.3 Summary 
 
Welding is a unique process, which frequently introduces crack-like defects into welded 
joints. Mechanical heterogeneity, due to the sharp temperature gradients and rapid thermal 
cycles experienced during welding, is a basic characteristic of welded joints. These factors, 
combined with the both local and structural stress concentrations make it is difficulty to 
assess welded joints and welded structures with respect to damage, fracture and fatigue. 
Significant achievements have been made in recent decades concerning the study of 
parameters to characterize fatigue and fracture, the behaviour and the mechanisms of the 
failures, and development of engineering assessment methodologies. Unfortunately, moving 
from new scientific developments to engineering practice is not an easy task and one must be 
aware of both the assumptions and limitations for any theory before attempting to use these in 
the assessment of strength of fatigue durability of a structure. This limitation has slowed the 
use of established methodologies to a wide range of materials and geometries. Further 
developments in defect assessment procedures are seen to follow the route of simplified and 
unified procedures for components that also includes the joints, i.e. weldments, supported by 
verified testing code of practice [67]. To this end, further experimental and analytical 
investigations on the various phenomenon and governing parameters, as well as the 
homogenization of the effects of geometry discontinuity and mismatching of welded joints, is 
of a priority importance. 
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3   Experimental Approach of Damage and Fatigue of Welded Joints 
 
This chapter presents the major experiments performed during the study of mismatching effect on 
damage and fatigue behaviour of welded joints. First, welded joints were simply modelled as bi-
material conjoined plate specimens. Hardness tests were performed to identify the mechanical 
heterogeneity of such specimens. In-situ SEM observation was conducted to obtain direct 
information regarding the initiation of the micro voids and their coalescence. Finally, fatigue tests 
were performed to show the effect of mechanical mismatch on fatigue crack growth rate and crack 
closure. Some aspects of the experiments are presented and discussed in this chapter while further 
details are given in the appended articles.  
 
3.1 Idealization of Welded Joints 
 
In order to observe more clearly the effect of mechanical heterogeneity on damage and fatigue 
behaviour of welded joint while excluding the influence of welding process related parameters, a 
reasonable simplification of a welded joint was necessary.  Welded joints are ideally modelled as a 
bi-material plate with one material sandwiched between the other one. Defect free specimens, as 
shown in Figure 3.1 (a) were used in the in-situ SEM analysis to investigate the nucleation and 
coalescence of the micro voids. The CCP (centre cracked plate) specimen, as shown in Fig 3.1 (b), 
was employed during the fatigue tests in order to also consider the effect of pre-existing crack-like 
defects that are frequently encountered in practice.  
 

Thickness  
0.5mm

Base Metel

Sandwiched 
        Layer5

10

30

12

40

4

(a) Specimen for damage test by in-situ 
SEM (b) Specimen for crack growth rate fatigue test 

 
Fig. 3.1 Geometry and dimension of the specimens for damage and fatigue tests (dimensions mm). 

 
Specimens in Fig 3.1 (a) were made by electron beam welding while specimens from Fig 3.1(b) 
were made by flash welding. These two welding processes, result in a narrow fusion zone so that 
the influence of the bi-material interface could be reduced. Widths of the sandwich layers were 
controlled so that experimental observations could be modelled numerically. By choice of the 
material of the sandwich layer, both overmatched and undermatched joints could be fabricated. The 
two materials used in the quasi-static damage research were a lower strength 16Mn steel and a 
higher strength C45 steel. The chemical composition of the above two materials was presented in 
Table 3.1. Mechanical properties are shown in Table 3.2.  
 
The two materials used in fatigue research were a lower strength Q235 steel and a higher strength 
60Si2Mn steel. The chemical composition and the measured mechanical properties of the above two 
materials are presented in Table 3.3 and Table 3.4, respectively. A MTS 810 system was used for 
the conventional tensile tests of the four materials. 
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Table 3.1 Chemical  composition of the two materials used for damage test (wt %) 
Steel C  Mn  Si  P  S  
16 Mn 0.180 1.530 0.380 0.018 0.021 
C45 0.470 0.670 0.290 0.019 0.020 

 
Table 3.2 Mechanical properties of the two materials used for damage test 

Steel σs  MPa σb  MPa δ  % ϕ   % Hv 
16 Mn 365 560 32.0 49.9 168 
C45 415 685 22.0 21.8 214 

 
Table 3.3 Chemical  composition of the two materials used for fatigue test (wt %) 
Steel C  Mn  Si  P  S  
Q235 0.180 0.777 0.309 0.088 0.015 
60Si2 0.630 0.857 1.904 0.031 0.010 

 
Table 3.4 Mechanical properties of the two materials used for fatigue test 

Steel σs  MPa σb  MPa δ  % Hv 
Q235 304 446 36.7 141 
60Si2 553 982 11.5 325 

 
The steel plates and the welds were stress relieved prior to machining in order to minimise any 
residual stress effects due to the welding. The normalization heat treatment for stress relief and 
homogeneity of the microstructures of each zone was 30 minutes at 850 ˚C followed by furnace 
cooling.  
 
As described in Chapter 2, one way of quantifying the degree of mismatch is to perform hardness 
testing across the joint and estimate the mechanical properties based on hardness. Even though the 
correlation between hardness and yield or ultimate strength is empirical, a first estimate can be 
obtained.  As an example, hardness distribution on an overmatched specimen, for a fatigue test, is 
given in Figure 3.2. 

 
Fig. 3.2 Hardness distribution of an overmatched specimen 
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3.2 Damage Behaviour of Mismatched Welded Joints 
 
Monotonic tensile loading was performed using an in-situ SEM loading stage. Direct observation of 
the nucleation and coalescence of the micro voids and micro cracks in mismatched welded joints 
was made possible.  
 
The dynamic micro-processes of damage and fracture of mismatched specimens were observed 
directly using in-situ techniques using the specimens shown in Fig.3.1(a). A Hitachi S570 SEM 
system was used. All the tests were performed under vacuum at ambient temperature. Damage and 
fracture processes were recorded by computer aided photography. Several sandwich layer widths 
were used for the over matched model. A fractured specimen with a sandwiched layer width of 3.1 
mm is shown in Fig. 3.3 and photographs of the typical types of  physical damage are shown in Fig. 
3.4.  

 
 
Fig. 3.3  Fractured overmatched SEM specimen  (sandwich layer width=3.1 mm). 
 
It was observed that the damage and failure occurred at neither the sandwich layer nor at the bi-
material interface but in the region of 16Mn steel adjacent to the interface. This is shown in Fig. 3.3. 
Actually, uniform deformation of the entire specimen was noted at the beginning of tensile loading. 
Subsequently, necking occurred as the tensile load increased. However, the necking area was 
located at the 16Mn side adjacent to the interface. Inclusion cracking and debonding of inclusions 
from the matrix in the boundary zone were observed as load was increased as shown in Fig,3.4 (a). 
The brittleness of the inclusions was another reason for its cracking. Due to the free boundary 
constraint at the edge of the specimen, thickness reduction was found near the specimen edge as 
shown in Fig.3.4 (b). Thickness reduction resulted in a decrease in the load carrying capacity 
followed by the initiation of micro-cracks as shown in Fig.3.4 (c). In addition to the edge failure, 
randomly distributed micro- voids/cracks were also observed in the necking region during tensile 
loading as shown in Figure 3.4 (d). With increasing plastic deformation, massive transgranular 
micro cracks were formed in front of the edge crack in the necking region, as shown in Figure 
3.4(e). Coalescence of the large transgranular micro- voids/cracks and the edge crack resulted in the 
abrupt fracture of the specimen. The fracture surface of the specimen was nearly perpendicular to 
the loading direction.  
By the examination of the fracture surface, it was found that many smaller dimples surrounded the 
larger ones in the fracture surface as can be seen in Figure 3.4 (f). The thinned and elongated 
ligaments between the dimples were clearly seen from the fracture surface. Since it is generally 
believed that the micro- voids/cracks are more easily originated from the inclusions and second 
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phase particles, the dimples may show the evidence of the initiation points of the particles. The 
inclusion particles with different sizes are seen clearly in Figure 3.4 (f). During tensile loading, the 
initiated micro voids/cracks grow and coalescence under the complex local plastic deformation and 
stress state and finally form fracture surface rich in dimples.  
 
The existence of cracks or crack-like imperfections, however, may produce failure modes 
remarkably different from the failure of joints free of welding imperfections. In such cases, the 
initiation stage of micro voids/cracks will be lost. The failure of the joint due to tensile loading will 
be mainly governed by the growth and coalescence of imperfections. In practice a poor bi-material 
interface due to lack-of-fusion in EBW process was found in the overmatched specimen with a 
sandwich layer width of 5.0mm as shown in Figure 3.5 (a). 
 
During the tensile test, the tips of the imperfections were monitored. The deformation and growth of 
the tips of those imperfections showed that they experienced the processes of blunting, sharpening, 
growth and rebluntening even for monotonic tensile loading. However, it should be noted that the 
slipping of the tip area under high stress condition controlled the above process. In this way it is 
different from the plastic slipping of crack tip under cyclic loading condition. During fatigue slip 
occurs at a rather low applied load and by the gradual accumulation of slip to advance the crack tip.  
 
In the case of multiple imperfections, the lack-of-fusion 1 type, shown in Fig. 3.5 (a), was found to 
play the major role in the failure of the specimen. Plastic deformation produced thinning and 
fractures of the ligament between the major defect and neighbouring defects as shown in Fig. 
3.5(b). The growth of the major defect in the plastic zone and the debonding of the inclusions ahead 
of the crack tip were found during the further loading as illustrated in Figure 3.5 (c). Linking of the 
major defect with the debonded inclusions ahead of the defect resulted in significant crack growth, 
see Fig. 3.5 (d). The resulting main crack was nearly perpendicular to the loading direction and lead 
to final failure of the specimen as shown in Fig. 3.5 (e).  
 
After failure of the specimen, the fracture surface was examined. Very fine dimples and elongated 
shear lips were found, as shown in Fig. 3.5 (f). Particles were not found in the dimples, this may 
suggests that the initiation of micro voids/cracks from the inclusions was not a dominant 
mechanism in the damage of the specimen. 
 
SEM investigations were also performed on undermatched specimens. As an example, Fig. 3.6 
provides some results from the specimen with a sandwich layer width of 5.0 mm. Due to the 
constraint of the adjacent higher strength material, the deformation and the damage of the 
undermatched specimen were found to occur primarily within the sandwiched layer. The micro- 
voids/cracks, as shown in Fig. 3.6 (a), are possibly initiated by cracking of the embrittled second 
phases or by intergranular cracking of the interfaces between the pearlite and ferrite matrices. In 
addition to the above two mechanisms of micro- voids/cracks initiation, transgranular cracking was 
seen in the sandwich region upon further deformation. The localized deformation and damage 
resulted in necking and final fracture of the sandwich layer with the fracture almost perpendicular to 
the loading direction as shown in Figure 3.6 (b).  
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(a) Inclusion cracking and debonding (b) Thickness reduction at spec. edge 

  
(c) Micro crack initiated at the edge of 
the specimen. 

(d) Random distributed micro voids/cracks 
in the specimen.  

  
(e) Edge cracking and transgranular 
cracking 

(f) Fractograph shows inclusion particles 
remaining in the dimples.  

 
Fig.3.4  Damage and failure of overmatched specimen with a sandwich layer width of 3.1mm 



  - 25 -

  
(a) Imperfections at the bi-material interface (b)  Deformation of the lack-of fusion tip 1.

  
(c )  Growth of the lack-of-fusion 1 defect 
and the initiation of inclusion debonding. 

(d) Connection of the tip of lack-of-
fusion 1 with the inclusion.  

  
(e) Connection of the imperfections and 
growth of the main crack. 

(f) Fractograph if the ligament of the 
specimen. 

Fig. 3.5 Damage and failure of an over matched specimen with imperfections  
(sandwich layer width = 5.0mm) 
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(a) Micro void initiation and cracking of 
embrittled phase. 

(b) Macro crack growth in the necking 
region 

 
(c) Zigzag path of the crack growth (d) Fractograph of the specimen. 

Fig. 3.6 Damage and failure of a under matched specimen with a sandwich layer width of 5.0mm. 
 

It should be noted that even if the initial micro- voids/cracks are distributed randomly in the necking 
region, micro- voids/crack coalescence was found to occur largely along a single plane due to the 
influence of the stress and strain concentration.  Nevertheless, it is also valued to point out that the 
rapid coalescence and growth of the micro- voids/cracks immediately prior to fracture does not 
indicate a brittle fracture mechanism. By the close examination of the crack tip area, zigzag path of 
the crack growth was found as shown in Figure 3.6 (c).  
 
Examination of the fracture surface indicated that larger dimples remained along the fracture 
surface and particles of various sizes were also found within some dimples as shown in Figure 3.6 
(d). This can be considered as further evidence that the initiation mechanisms of micro- 
voids/cracks from the inclusions and intergranular cracking played significant roles in final failure.  
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3.3 Fatigue Behaviour of Mismatched Welded Joints 
 
Fatigue tests were performed on mismatched specimens with various sandwich layer widths. The 
effect of mismatching on fatigue crack growth rate and fatigue crack closure was observed. Initial 
fatigue cracks were introduced into the specimens by a high frequency fatigue testing machine until 
an initial crack of around 0.3 mm was achieved. See Fig. 3.1(b). Fatigue crack propagation tests 
were performed using an INSTRON-1342 material testing system at ambient temperature. 
 
3.3.1 The Effect of Mechanical Mismatching on Fatigue Crack Propagation 
 

A constant amplitude sinusoidal cyclic load, with the stress ratio R ( min

max

R σ
σ

= ) of zero, was 

employed during the fatigue tests. The maximum load was chosen as 30% of the yield strength of 
the material of the sandwich layer. The instantaneous fatigue crack length was measured with a 
travelling microscope.  
 
The data of crack length a vs number of cycles N , for overmatched specimens with different 
sandwich layer widths were recorded and are illustrated in Fig. 3.7.  

 
Fig. 3.7 Curves for crack length vs. number of cycles for specimens with different hard layer widths 
 
Specimens with a narrower sandwich layer width were found have longer fatigue lives as compared 
to those with wider layers. This phenomenon could be attributed to the localized yielding in the 
region adjacent to the sandwich layer and the influence of fatigue crack closure, which is present by 
FEM solutions in Chapter 4 and in the appendixes. 
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3.3.2 The Effect of Mechanical Mismatching on Fatigue Crack Closure 
 
During testing with a low nonnegative stress ratio ( R ≥ 0), the fatigue crack tip was, generally, 
found located in a compressive residual stress field after removal of the applied load. These 
compressive residual stresses act to oppose the applied testing loads and keep the crack tip closed 
even under the applied tensile load. This phenomenon is known as crack closure and can occur at 
loads significantly above the minimum applied test load.  Elber [40] first reported closure to be a 
result of plasticity in the wake of the growing crack. Elber described the concept of an effective 
stress intensity range, ∆ , which assumes that crack propagation is controlled by the stress 
intensity only if the crack tip is opened. When the closure load is greater than the minimum applied 
load, the stress intensity calculated using applied loads will be greater than that actually present at 
the crack tip. Thus, the effects of the crack tip closure must be considered to achieve a more 
accurate estimate of crack growth response to the stress intensity range. 

effK

 
Crack tip closure could be readily detected by monitoring the trace of the applied load, P, versus 
crack opening displacement (COD) on an oscilloscope.  The P-COD response is illustrated in Fig. 
3.8. Figure 3.8 (a) shows the response of an ideal specimen loaded elastically, where the slope of 
the curve is related to the specimen compliance. Figure 3.8 (b) shows the P-COD behaviour with 
closure. The lower slope is the response of the specimen to the load necessary to overcome any 
compressive residual stress and to open the crack. The upper slope corresponds to the compliance of 
the specimen with the crack open and is similar to that of the ideal specimen of Fig. 3.8 (a). In 
practice the closure load can be measured by several methods, including: 1) the lowest tangent point 
of the upper slope, 2) the intersection of the tangents of the two slopes, 3) a compliance differential 
method, and 4) a point of predefined deviation from the upper slope.  The first method was adopted 
in the measurement of fatigue crack closure of mismatched specimens. 
 

 
 

(a)  Without Closure  
 

(b) With Closure  
 

Fig. 3.8 Load vs. crack opening displacement behaviour 
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Fig. 3.9  Compliance curves of an overmatched specimen with a sandwich layer width of 1.32 mm. 
 
During fatigue tests, crack opening displacements were measured with a clip gauge that was 
mounted at the centre hole of the specimen. The compliance curves of the specimen could be 
plotted by correlating the applied loads and the measured COD values at various crack lengths.  As 
an example, Fig. 3.9 shows a group of compliance curves of a overmatched specimen with a 
sandwich layer width of 1.32 mm at different fatigue crack lengths.  
 
From the compliance curves, the crack opening loads could be estimated. Changes in the crack 
opening load with fatigue crack propagation are shown in Fig. 3.10 for overmatched specimens with 
various sandwich layer widths.  
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Fig. 3.10  Crack opening loads vs. crack length.  

 
It was found that the crack opening load generally decreased with the increasing crack length. 
However, the opposite effect was observed in the early stages of crack propagation. For more 
narrow sandwich layer widths, the crack opening load increased more dramatically at the start of 
testing as compared to thicker widths. It was also observed that with narrower sandwich layers the 
increase in crack opening load was associated with smaller crack lengths. These observations, 
however, are believed to be related to the localized yielding in the region adjacent to the sandwich 
layer.  
 
Obviously, an increase in the crack opening load means a decrease in the effect stress intensity 
factor range together with a corresponding decrease in the crack growth rate and an increase in 
fatigue life. From this point of view, the influence of strength mismatching on fatigue crack growth 
life, as shown in Fig. 3.7, could be attributed to its influence on crack opening loads.  
 
It is worth noting that the effects of crack tip closure must be considered in order to achieve a more 
accurate estimate of crack growth response to the applied stress intensity range. Increased applied 
load is needed in order to offset compression at the crack tip caused by the superposition of 
clamping forces attributed to the localized yielding at the region adjacent to the sandwich layer and 
forces caused by the wedging action of residual deformation left in the wake of the propagating 
crack. Hence, for fatigue tests of welds, even if the crack growth rates are consistent according to 
the a testing standard or code, data must be considered in light of the complex change in driving 
force due to the varying closure load.  
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3.4 Summary 
 
Welded joints were idealized using bi-material sandwich-like plate specimens with various 
sandwiched layer widths.  
 
Damage investigation under monotonic loading were performed on the idealized mismatched 
specimens. In-situ SEM observation indicated that damage initiation for overmatched specimens 
mainly occurred in the lower strength material region adjacent to the sandwich layer. Cracking and 
debonding of inclusions from the matrix governed the initiation of micro- voids/cracks. Following 
this initiation, transgranular cracking played an important role in final fracture. In case of pre-
existing imperfections, the failure of the joint was mainly be governed by the coalescence and 
growth of the imperfections during the loading process. For multi-defects, only one defect was 
found to dominate. For undermatched specimens, the deformation and the damage was found to 
occur mainly in the sandwich layer due to the constraint of the adjacent higher strength material. 
The micro- voids/cracks were initiated by the cracking of the embrittled second phases or by the 
intergranular cracking of the interfaces between the pearlite and ferrite matrices. 
 
Fatigue crack growth tests were performed on sandwich bi-material CCP specimens using constant 
amplitude load condition. Experimental results indicated that, for overmatched specimens, fatigue 
life increased with decreasing width of the sandwich layer. The influence of mechanical 
mismatching on fatigue crack growth could be attributed to its influence on fatigue crack closure. 
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4   FEM Solutions for Fatigue Crack Growth and Damage 
 
Since the later part of the 1960’s, the finite element method (FEM) has proven to be a 
powerful tool in design and in the investigation of the failure of materials and structures. 
FEM, due to its capability of providing the detailed full field stress/strain distribution within 
the component, was chosen as a suitable tool for performing a parametric fracture mechanics 
analysis of welded joint susceptible to root cracking failure. In addition to this study of the 
geometrical discontinuity of joints, FEM was also used to study the mismatching effect on 
damage and fatigue crack growth of welded joints.  
 
Some background and results of the finite element analysis are presented and discussed in this 
chapter while some results are given in the appended published papers.   
 
4.1 Damage of Welded Specimens based on CDM - Theory 
 
Modern welded structures, which are subjected to unfavourable mechanical and 
environmental conditions, decrease in strength due to the accumulation of microstructural 
changes. For example, ductile plastic damage and fatigue damage are frequently encountered 
in welded joints and their structures. A complete theoretical description of damage in welded 
joints is very complex. Experiments in this field are difficult and costly. Nevertheless, it is 
possible to analyse damage phenomenon of welded joints, in terms of mechanics, using 
numerical techniques.  
 
As was demonstrated by experiment in Chapter 3, the coalescence of microscopic voids is an 
important fracture mechanism of the rupture failure of mismatched specimens under 
monotonic loading. Voids were found to nucleate mainly at second phase particles, by particle 
fracture or by interfacial decohesion, and subsequently the voids grew due to plastic straining 
of the surrounding materials. Fracture by coalescence, then, occurs when the ligaments 
between neighbouring voids are sufficiently reduced in size. For welded joints, the 
localization of plastic flow was governed by strength mismatching, so that the void induced 
failure was found to occur within only a narrow band.  
 
Continuum damage mechanics (CDM) provides a basis for a better understanding of the 
rupture behaviour by the definition of one or several, scalar or tensor, continuum damage 
variables as the measures of the degradation of materials. The micro void volume fraction, a 
scalar parameter of damage, was suggested by Gurson [23,24] to describe the nucleation and 
growth of micro-voids in ductile materials. The yield criterion and flow rule for void-
containing ductile material were then established based on this concept. Gurson’s model was 
later modified by Tvergaard and Needleman[25-27] with respect to the behaviour for small 
void volume fractions and for void coalescence. The modified Gurson’s model was 
implemented in several commercial FEM softwares, include MARC [68], for damage analysis 
of ductile materials.     
 
Given the appropriate loading conditions, voids in ductile materials will form, grow, coalesce, 
and lead ultimately to failure. According to Gurson’s[23,24] suggestion, the behaviour of a 
void-containing ductile material could be described as dilatant, pressure sensitive plastic flow 
of a continuum with  a yield condition Φ . Here, is the average 
macroscopic Cauchy stress tensor, 

( , , ) 0ij M fσ σ ijσ

Mσ  is an equivalent tensile flow stress representing the 
actual microscopic stress state in the matrix material, and f  is the current void volume 
fraction. The approximate yield criterion, based on a rigid perfectly plastic upper bound 
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solution for spherically symmetric deformations around a single spherical void, is then given 
by: 

2
22 (1

2
eq kk

M M

fconsh f
σ σ
σ σ
   

Φ = + − + =   
   

) 0                (4.1) 

 
where, 21)2/3( ijijeq ss=σ  is the macroscopic effective von Mises stress and is the 
deviatoric. 

ijs

 
In Gurson’s model, the porous ductile material is treated with a continuum description. The 
effect of void coalescence is not directly accounted for, but the load carrying capacity of the 
material vanishes as the void volume fraction approaches unity. Nevertheless, experimental 
studies made by Brown and Embury[69] and Goods and Brown[70] have shown that 
coalescence occurs approximately when the length of the voids is equal to their spacing. This 
means that the volume fraction of voids at fracture is far below unity. Based on these results, 
it seems reasonable to make a necessary modification to Gurson’s failure criterion and a 
critical value of the void volume fraction, less than 1, should be introduced as a criterion of 
final material failure. 
 
The extra parameters ,  and  were introduced into equation (4.1) by 
Tvergaard[25,26] in order that Gurson’s yield condition at small values of void volume 
fractions might be improved. The modified Gurson’s model is of the form: 

1q 2q 3q
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3 ) 0              (4.2) 

 
If , the above equation is the function suggested by Gurson, the ultimate void 
volume fraction is 

1 2 3 1q q q= = =
1f = .  

 
It has been shown that the ultimate value of the void volume fraction at which the 
macroscopic stress carrying capacity vanishes, is a property of the assumed yield function. 
However, it should be noted that, even though the choice of the parameter  is based 
on computations for low void volume fractions, a value of the ultimate void volume fraction 
below unity is possible. 

1 1.5q =

 
It is noted that the original Gurson model, Eq. (4.1), predicts that ultimate failure occurs when 
the void volume fraction f , reaches unity. This is too high a value and, hence, the void 
volume fraction f  is replaced by the modified void volume *f  in the yield function. 
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           (4.3) 

 
The parameter *f  is introduced in order to model the rapid decrease in load carrying 
capacity if void coalescence occurs. 
 
                                            if  ff =* cff ≤
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where, cf  is the critical void volume fraction, and Ff  is the modified void volume at 
failure, uf  is the original Tvergaard’s ultimate value of the void volume fraction and 

1q
1fu = . A safe choice for Ff  would be a value greater than 

1

1
q  namely, 

1

1.1
qf F = . 

In this way, the void volume fraction Ff  can be controlled. When the void volume fraction 
reaches Ff , no further macroscopic stresses can be carried by the corresponding material 
points.  
 
The critical void volume fraction estimated by a simple model is cf ≅ 0.15[27]. Certainly, 
depending on differences of microstructures, stress states etc., this value could vary in the 
range of approximately 0.1 to 0.2. 
 
Numerical studies of materials with periodically distributed circular cylindrical voids or 
spherical voids have been compared with predictions of the continuum model[25,26], and it 
was found that the agreement has been considerably improved provided that the yield 
condition suggested by Gurson was modified by using a set of parameters ,  
and . 

5.11 =q 12 =q
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Change in the void volume fraction during an increment of deformation is usually taken to be 
the sum of a contribution from the growth of existing voids and a contribution from the 
nucleation of new voids. In addition, an extra contribution modelling the failure process 
should be added, when the current void volume fraction exceeds a critical value. Thus, the 
differentiation of void volume with respect to a loading parameter is of the form 
 

failurenucleationgrowth ffff )()()(
....

++=                    (4.5) 
 
The matrix material is assumed to be plastically incompressible. Thus, the increment in Eq. 
(4.5) due to growth of existing voids is given by 
 

p
kkgrowth ff ))(1()(
..

ε−=                          (4.6) 
 

where  is the plastic part of the macroscopic strain increment.  p
kk )(
.

ε
 
Nucleation of new voids occurs mainly at second phase particles, either by decohesion of the 
particle-matrix boundary or by particle cracking. Needleman and Rice[27] have suggested 
that the plastic strain controlled nucleation of new voids can be expressed by a model of the 
form 
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where, Nf  is the volume fraction of void forming particles,  is the mean strain for nε
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nucleation,  is the corresponding standard deviation,  is the effective plastic strain and 
its increment takes the form 

S p
mε

σ
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( )f
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Mm
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                            (4.8) 

 
where,  is Young’s modulus,  is the slope of the uniaxial true stress-natural strain 
curve for the matrix material at the current stress level 

E tE
σ . 

 

A typical set of values, for a material with the initial yield stress specified by Y
E

σ =0.0033, 

Poisson’s ratio ν =0.3 and the strain hardening exponent =10, was suggested by 
Tvergaard[26] for strain controlled void nucleation as 

n
Nf =0.04, =0.3 and =0.1 

respectively. Here  is the uniaxial yield stress.  
nε S

Yσ
 
The final material failure, by local necking of the ligaments, is a process that develops mainly 
as a function of material straining. Obviously, effective plastic strain  should be used as a 
measure of this straining. Thus 

p
mε

 
. .

( ) failure Mf Cσ=                             (4.9) 
 
As long as the void volume fraction f  is smaller than the critical value cf , =0. 
However, for larger 

C
f  the void volume fraction is taken to increase linearly with , so 

that total failure occurs after an additional straining of magnitude . Therefore, the value of 
 is given by 
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It should be noted that the non-zero value of  accounts for small amounts of straining 
during the necking of ligaments and for the expectation that not all neighbouring voids 
coalesce simultaneously.  

ε∆

 
Generally speaking, by using the modified Gurson’s model, the interaction between 
neighbouring voids and the detailed stress distribution around each void, which may play an 
important role due to the strongly nonlinearly material behaviour, could be examined closely. 
On the other hand, the macroscopic effect of the void coalescence could also be modelled. 
The ductile fracture process could be described as an apparent loss of active material volume, 
with a corresponding rapid decay of the average macroscopic stresses. In fact, introducing the 

extra term  in Eq. (4.5) means that in the later stages of deformation failure f  is no long 
just the volume fraction of voids, but a more general measure of damage. This includes also 
the concept of a volume fraction of inactive material. Hence, the modified Gurson’s model 
does give a reasonable description of the most important effect, which is the rapid decay of 
material stress carrying capacity once the final process of coalescence is taking place. 
However, it should be noted that when f , the current void volume fraction, equals zero, Eqs. 
(4.1) and (4.3) will change into the same form as the conventional von Mises yield criterion. 
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Attempts have been made in this section to examine the changes of void volume fraction in 
simplified models of welded joints based on the modified Gurson’s model. Emphasis has been 
given to mechanical heterogeneity to allow the method to be applied to the evaluation of 
damage resistance of welded joints.  
 
In order to focus the emphasis of this investigation on the influence of mechanical 
mismatching on the behaviour of void initiation, coalescence and failure of welded joints, the 
bi-material plate specimens, as shown in Fig. 3.1, were employed during FE calculation. By 
changes of the strengths of the adopted materials and the width of the sandwich layer, 
different mismatching of the joints could be modelled.  
 
The two materials used in the calculation were mild steels, 16Mn and C45-steel. The nominal 
chemical compositions and the mechanical properties of the above two steels were given in 
Table.3.1 and 3.2.  
 
Due to the geometrical symmetry, half of the specimen was meshed with 3-D elements. 
Displacement loading increments were applied at the end of the specimen. The meshes were 
composed of twenty-node isoparameter elements. Discretization was performed for the stress-
strain diagrams, which were obtained by uniaxial tensile tests, and the corresponding results 
were used to describe the stress-strain relations of the materials in the numerical calculation.  
The elastic limits of the materials were defined by the von Mises yield criterion.  
 
During the calculation of the evolution of the void volume fraction, a set of values of 
parameters such as , , , critical volume fraction for void nucleation 1q 2q 3q cf , volume 
fraction of void nucleating particles Nf , mean strain for nucleation  and standard 
deviation  were determined according to Tvergaard’s [26] experience. These were 

, , , 

nε
S
2q5.11 =q 1= 2

13 qq = cf =0.15, Nf =0.04, =0.3 and =0.1, respectively. nε S
 
When the void volume fraction f  reaches 90 percent of the value Ff , which is the void 
volume fraction at failure, at a material point, no more average macroscopic stresses can be 
carried at that point, and the material separates completely. Consequently, the stiffness and 
the stress at this point are reduced to zero. 
 
The MARC K7.3 FEM code was used in the investigation of the evolution of micro voids in 
sandwiched joints. By inserting the C45-steel between 16Mn steels, under-matched welded 
joints could be modelled. Conversely by inserting the 16Mn steel in between C45-steel plates, 
the over-matched welded joints could be modelled. Calculations were performed for the 
above under-matched joints and over-matched joints with various sandwich layer widths. 
Calculations were also performed for pure 45-steel and 16Mn steel models in order that 
comparisons were possible. 
 
The detailed calculation results were reported and discussed in appendixes. 
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4.2 Influence of Geometrical Discontinuity and Load Condition on Fatigue        

Strength of Welded Joints 
 
In current industrial practice, welds and welded joints are an integral part of many complex 
load-carrying structures. Unfortunately, welds are often the weakest portions of these 
structures and their quality directly affects the integrity of the structure. Fatigue strength is 
believed to have a close relation to the precise geometrical discontinuity of the welded joint. 
Welding imperfections that may be introduced during fabrication are only partially considered 
in the conventional fatigue design rules for welded joints that are based primarily on S-N 
curves. In most cases the S-N curves are based on laboratory tests of “normal” quality welds, 
even though the precise definition of normal quality is the subject of some debate.  There is 
a clear need to better understand the fatigue behaviour of welded joints with consideration of 
the geometrical factors that produce locally high stresses. The ultimate goal to produce welds 
of suitable strength at reasonable cost. 
 
The existence of the crack-like imperfections in the welded joint is normally considered to 
eliminate the so-called crack initiation stage of fatigue life. Therefore, the emphasis of the 
fatigue assessment could be focused on the crack growth stage of the fatigue life in some 
conditions. 
 
In a wide variety of cases crack growth problems can be solved within the frame of linear 
elastic fracture mechanics (LEFM). This is the case when the yield zone at the crack tip is 
small with respect to both the crack size and the remaining ligament. In past decades, 
numerous investigations of fatigue crack growth of welded structures have been conducted, 
experimentally and numerically within the framework of LEFM [71-81]. By characterizing 
subcritical crack growth using the concept such as stress intensity factor K, it is possible to 
predict crack growth rate of a weld under cyclic loading, and hence the number of cycles 
necessary for a crack to extend from some initial size, i.e. the size of pre-existing crack or 
crack-like defects, to a maximum permissible size to avoid catastrophic failures.  
 
In order to predict fatigue crack propagation, several equations were proposed by different 
researchers, usually semi- or wholly-empirical, to correlate fatigue crack growth rate data 
with the range of the single parameter ∆K, the range of stress intensity factor. Among the 
proposed equations, the Paris-Erdogan relationship is commonly accepted and used in 
practice for a wide range of model-I crack growth rates, typically between 10-9 and 10-

6m/cycle. The relationship between cyclic crack propagation rate and the range of cyclic 
stress intensity factor is characterized by the materials parameters in Paris’s law as shown in 
the following equation: 
 

mKCdNda ∆=/                              (4.11) 
 
where,  is the fatigue crack propagation rate,  and m  are material constants and 

 is the range of cyclic stress intensity factor.  
/da dN C

K∆
 
Equation (4.11) is also recommended by the International Institute of Welding (IIW) [9] for 
calculating the fatigue crack propagation rate of welded joints made of steel or aluminium. 
According to the IIW recommendations, the fatigue strength curve is identified by the 
characteristic fatigue strength of the detail at 2×106 cycles and the corresponding value is 
termed the fatigue class (FAT). A group of so defined fatigue classes are given on the basis of 
maximum principal stress range or shear stress range in the section where potential fatigue 
cracking is considered.  
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Based on the Paris’s power law of crack propagation, the reference fatigue life cycles , 
corresponds to the reference fatigue load , and was determined by the integration from 
the initial crack size  to the final one ,  
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In Eqs. (4.12 – 4.14) Y is a geometry function that increases with crack length. For most 
cases, Y is a function of crack length and the dimension of the joint under a known cracking 
mode. For some specific cases, researchers have proposed explicit functions for Y. A typical 
example of the calculation of Y, made by Maddox in the early 1970s, was shown in the 
discussion of the behaviour of transverse load-carrying fillet welds [82]. Due to the 
complexity of the cracking behavior of welded joints, however, the calculation of Y may not 
always be possible. Nevertheless, for a given joint geometry and loading mode, Y is 
considered to be only crack length dependent. In the case of a known initial crack length and 
a clearly defined failure criterion, e.g. crack propagation through the thickness, the integration 
limits  and  are constant values. Therefore, the right side of equation (4.14) is found 
to be a constant even when Y is a complex function of crack length.  

0a fa

 
It can also be noted that the sole dependency of the parameter I  on the crack size is based 
on the observation that the slope of the S-N curves for details assessed based on normal 
stresses, is close to m, i.e. 3.0 for ferrite-pearlite steels [9]. The constant  varies with the 
load condition and environment. For the welded joint and weld size of interest, the reference 
fatigue life cycles  can be obtained from the calculated  versus  curve for the 
given reference load . Therefore, for different combinations of the applied stress and 
corresponded fatigue cycles, the reference values, the mean values and the characteristic 
values are related by 
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In Eq. (4.15), the subscripts ‘ref’, ‘mean’ and ‘Char’ denote the corresponding reference 
values, mean values and characteristic values respectively. Since the FE calculation is 
performed on the basis of mean fatigue strength, the constant  should have the same 
value as that of . However, from the viewpoint of design, each fatigue strength curve, 
mean curve or characteristic curve, is identified by the detail at 2×10

refC

meanC
6 cycles to failure. Thus, 
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the mean number of cycles to failure  and the characteristic cyclic number  
should be the same value, i.e. 2×10

meanN CharN
6 cycles. The mean fatigue strength and the 

characteristic fatigue strength  can be determined from Eq. (4.15) as 
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It should be noted that the mean fatigue crack growth rate curve is usually produced by 
regression analysis of experimental data using log ( ) as the dependent variable. For 
statistical evaluation, a Gaussian log-normal distribution is usually assumed. Then, the 
characteristic values are established by adopting curves lying approximately two standard 
deviations of the dependent variable from the mean. The so produced characteristic values, i.e 

in Eq. (4.17), are termed the fatigue classes (FAT).  These values represent a 95% 
survival probability in reference to a two-side 75% confidence level of the mean.  

/da dN
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As far as fatigue under pulsating tension loading is concerned, crack propagation data has 
been measured for a wide range of materials. The constant =1.7×10meanC -13 (mm5.5N-3/cycle), 
for ferrite-pearlite steel and its welded components is recommended by literatures [83-85]. 
The constants CharC r=3.0×10-13 (mm5.5N-3/cycle) and =3.0 are recommended by IIW [9] 
for the assessment of ferrite-pearlite steel welded joints in the as welded condition. By 
adopting the above-suggested constants, the mean fatigue strength and characteristic fatigue 
strength (FAT) can be easily predicated according to Eqs. (4.16) and (4.17) respectively. 

m

 
An existing crack propagation simulation computer programme, FRANC2D/L [86] was used 
for the calculation of fatigue crack growth in this study. The parameter, which describes the 
fatigue action at the crack tip in term of crack propagation from the initial size until the 
final size a  for welded steel structures, is the stress intensity factor range ∆K. The 
increment of crack extension, ∆a, between re-meshing was user defined and, in the models 
used in this thesis, was selected as 0.1 – 0.2 mm. 

f

 
Due to the various load conditions and the geometry details of the joints, both Mode I and 
Mode II crack propagation should be considered during the calculation, therefore, Mode I and 
Mode II stress intensity factors KI and KII have to be calculated. The J-integral approach 
method [87] was used in the calculation of KI and KII. 
 
A number of experimental results indicated that different materials have different dominant 
failure mechanisms. There is no available theoretical basis that can provide a clear 
explanation for the transition between Mode I failure and Mode II failure. However, a wide 
range of materials can be characterized by the maximum tensile stress criterion [88]. Most 
cracks initiate and growth by the Mode I condition. Crack paths often curve to minimize 
Mode II effects occurring during further propagation. The direction of the crack propagation 
was predicted by using the maximum circumferential stress theory[89], which enables the 
minimization of the Mode II stress intensity during crack growth. The instantaneous crack 
length was considered as the distance along the arc length of the crack. 
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Assessment of growing fatigue cracks is very sensitive to the stress gradient through the plate 
thickness. The portion of the alternating stress on the surface of a plate due to bending is 
frequently defined in terms of the degree of bending (DOB) where the DOB is defined as 
∆σb/(|∆σm| + |∆σb|) [91]. In this expression it should be noted that the nominal bending stress 
range, ∆σb, and the membrane stress range in the main plate, ∆σm,, are permitted to assume 
both negative and non-negative values. This is in contrast to the normally used definition of 
stress range that is always positive. For a given plate in a structure, one side is arbitrarily 
defined as being “positive”. An alternating bending stress on this “positive” side that moves 
from zero to a compressive stress is defined as negative bending, i.e. ∆σb < 0. Positive or 
negative membrane stress ranges are easier to define, i.e., membrane stress than changes from 
zero to tensile is considered positive. DOB values of -1, -1/2, 0, 1/2 and 1 were used during 
the crack growth simulations.  
 
In this study DOB is significant because independent crack growth at the weld toe and weld 
root was assumed. For example, for a given ∆σm, DOB = -1/2 would produce no alternating 
stress on one surface of a plate while DOB = 1/2 would produce a maximum alternating stress 
on the same face. Thus different DOB has the potential to change both the critical site for 
crack propagation and the fatigue class. 
 
During computer simulation, a crack does not propagate if the local fatigue stresses are 
compression-to-compression because the crack is assumed to remain closed. In practice, 
however, there may exist high tensile residual stresses that keep the crack tip open during the 
stress cycle. To take the compression-to-compression loading into account the mean fatigue 
strength is determined using the definition of DOB and its variations are illustrated in Fig. 
4.1. This definition means that the compressive load cycle is equally as damaging as the 
tensile load cycle if the corresponding nominal stress distributions of stress ranges in both 
cases are the same but opposite. 
 
By considering possible variations in weld geometry, different combinations of the DOB and 
potential welding imperfections, e.g., root cracks and toe cracks, the mean fatigue strength 
and fatigue class (FAT) of several classes of welded joints were defined. This work was part 
of a large research effort, X-FAT, in which a large number of joints were considered (Fig. 
1.2). The current thesis includes systematic studies of lap joints, butt joints and angle joints. 
The primary tool was FEM based LEFM simulations.  
 
The detail results of the influence of geometrical discontinuity and load conditions on fatigue 
resistance and fatigue strength were reported and discussed in appendixes. Some important 
features are presented in the following sections. 
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DOB =∆σb/(| ∆σm| + |∆σb|) 
 
∆σmean(DOB = 1) = min{∆σmean(DOB = -1), ∆σmean(DOB = 1)}  
∆σmean(DOB = -1) = ∆σmean(DOB = 1) 
∆σmean(DOB =  1/2, ∆σm ≥ 0) = min{∆σmean(DOB =  1/2 ,∆σm ≥ 0), ∆σmean(DOB = -1/2, ∆σm < 0)}  
∆σmean(DOB = -1/2, ∆σm ≥ 0) = min{∆σmean(DOB = -1/2 ,∆σm ≥ 0), ∆σmean(DOB = 1/2, ∆σm < 0)}  
∆σmean(DOB =  1/2, ∆σm < 0) = ∆σmean(DOB = -1/2, ∆σm ≥ 0) 
∆σmean(DOB = -1/2, ∆σm < 0) = ∆σmean(DOB =  1/2, ∆σm ≥ 0) and   
∆σmean(DOB = 0) = min{∆σmean(DOB = 0, ∆σm ≥ 0), ∆σmean(DOB = 0, ∆σm < 0)} 
 

Figure 4.1 The definition of degree of bending (DOB) [92] . 
 
 
4.2.1 Lap Joint 
 
The non-load carrying lap joint is frequently encountered in industrial practice. The joint was 
simplified as shown in Fig.  4.2 where the H beam with welded transverse cover plate is 
idealized. Practical dimensions and potential load conditions were defined in conjunction with 
experienced design engineers. The 2D Fe model could be treated as a plane strain problem 
due to the thickness and constraints. 
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Case I 

Case I 

Case II h
t=150

β
w 50 

35 

300

DOB=

   1.0     0.5     0.0 

(a) H beam with transverse welded cover plate (b) Simplified lap joint 
 

Fig. 4.2 Idealization of lap joint 
 
 
Due to the variant constraints enforced by the flange plate and web plate of the H beam, two 
alternate boundary conditions of the load carrying flange plate were considered. In case I 
vertical movement of the flange plate was permitted, while in case II vertical deflection was 
constrained (in the region of the web). The regions associated with these two boundary 
conditions are shown in Fig. 4.2 (a).  
 

 
Fig. 4.3 FE meshes of the lap joint (h/t=0.2, β=49.4˚,w/t=0.6) 

 
 
Because of geometrical symmetry of the joint, half of the joint was considered during the FE 
analysis. One sample FE mesh of the joint is shown in Fig. 4.3. 
 
During FE calculation, various load conditions (DOB equals 0.0, 0.5 and 1.0), fillet weld 
flank angles ( β  equals 30°, 45°, 60°), changes of weld leg length (h/t=0.05, 0.1, 0.15, 0.2) 
and changes of the open length of the cover plate (w/t=0.6, 0.7, 0.8, 0.9 and 1.0) were 
considered. In other words 60 different FE models were constructed. Each of these was 
simulated for three different DOBs and two boundary conditions. 
 

  

Both pre-existing root and toe cracks were assumed at the beginning of the calculation. It was 
found, however, that the root crack could be treated as a non-propagating crack due to the fact 
that it was either located in the compressive stress field or grew into a compressive stress field 
after a short period of propagation. Therefore, the emphasis of the FE analysis for this joint 
was focused on the pre-existence of the toe crack with an initial length of 0.2 mm. 
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It was noted that the toe crack did not propagates in a straight line even in Mode I load 
condition. Crack curvature was observed in all simulations. One example of the deformed 
mesh after some degree of toe crack propagation is shown in Fig. 4.4. 

 
 

 
Fig. 4.4 Deformed mesh of lap joint after toe crack propagation (DOB=0.0, h/t=0.2, 

β=49.4˚,w/t=0.6) 
 
At the given reference load the curve of number of cycles versus crack length could be 
obtained from the FE calculation. One such curve is shown in Fig. 4.5. The reference fatigue 
life is determined from the obtained curve of number of cycles against crack length. 
Consequently, mean fatigue strength of the joint could be estimated from Eq. (4.6). 
 
4.2.2 Angle Joint 
 
This type of joint is very popular in open-type structures for the connection of decks and 
reinforcing stiffeners. The carried loads can be tensile, bending and their various 
combination. The DOB of the loads carried by the stiffener can be –1.0, -0.5, 0.0, 0.5 and 1.0 
respectively.  
 
In addition to the size of the weld, the geometry of the structure itself is also important for the 
calculation of the fatigue class FAT. The dimension of the joint was chosen as L=300, 
L1=100, T=50, the ratio t/T=12/50, 20/50 and 35/50. The angle varies with β=30°, 45° and 
60° respectively. The weld size  could be determined by the relationship between  and 
β. In total 27 geometries were modelled and simulated for each of the five loading conditions. 

w t
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Fig. 4.5 Calculated N-a curve for lap joint with a toe crack (DOB=0.0, h/t=0.2, 

β=49.4˚,w/t=0.6) 
 
The geometry, load conditions and the constraints of the angle joint are shown in Fig. 4.6. 
During the calculation, following locations of the initial cracks were considered: 

- toe crack at stiffener, vertical to the surface of the stiffener; 
- toe crack at main plate (deck); 

• initial crack vertical to the main plate 
• initial crack parallel to the surface of the main plate and towards the throat of 

the weld 
- root crack; 

• crack vertical to the main plate 
• crack vertical to the stiffener 
• crack parallel to the surface of the main plate and propagates to the weld throat 

These positions are shown in red in Fig. 4.6. An initial crack size of 0.2 mm was chosen in all 
cases. This value is often used in fracture mechanics assessment of welded joints.  
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Fig. 4.6 The geometry, load conditions and the constraints of the angle joint 

 
 
A sample FE mesh is shown in Fig. 4.7. 
 

 
Fig.4.7  FE meshes of the angle joint (t/T=12/50, α=30°) 

 
For this joint type, it was found that the fatigue crack propagation was strongly load condition 
and geometry dependent. For example, a root crack, perpendicular to the surface of the main 
plate was found to be non-propagating in case of DOB = 0 because the stress intensity factor 
range decreased to zero after only a small amount of crack growth. Figure 4.8 shows the 
deformed mesh and root crack growth path in the above case. The root crack, perpendicular to 
the stiffener grows in its original orientation in case of DOB = 0 as shown in Fig. 4.9. 
However, the root crack, parallel to the surface of the main plate at the beginning of fatigue 
loading, turns and grows in a direction perpendicular to the stiffener as fatigue loading 
progresses, provided that DOB < 0 but  > 0. This is illustrated in Fig. 4.10. However, 
for large β, the same initial root crack grows into the main plate and propagates along a 
curved path in case of DOB = 0 as shown in Fig. 4.11. In the case of DOB = 0 and small β, 
similar crack propagation was also noted for a toe crack, which was perpendicular to the 
surface of the main plate at the beginning of fatigue loading. This is shown in Fig. 4.12. 

mσ∆
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Fig. 4.8 Deformed mesh of the angle joint with a root crack perpendicular to the deck 

                                   (DOB=0.0, t/T=12/50, - ∆ , =30°) mσ α
 

 
Fig. 4.9 Growth path of a root crack, perpendicular to the stiffener, in an angle joint 

                       (DOB=0.0, t/T=12/50, + ∆ , =30°) mσ α
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Fig. 4.10 Growth path of a root crack, parallel to the surface of the deck, in an angle joint 

                        (DOB=-1.0, t/T=12/50, + ∆ , =30°) mσ α
 

 
Fig. 4.11 Growth path of a root crack, parallel to the surface of the deck, in an angle joint 

                        (DOB=0.0, t/T=35/50, + ∆ , =60°) mσ α
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Fig. 4.12 Growth path of a toe crack, vertical to the surface of the deck, in an angle joint 

                         (DOB=0.0, t/T=20/50, + ∆ , =30°) mσ α
 
As previously discussed, the direction of the crack propagation was predicted by using the 
maximum circumferential stress theory. The local stress state at the crack tip controlled the 
fatigue crack growth behaviour in terms of crack growth direction, fatigue life and ultimately 
the fatigue strength of the joint. The stress state at the crack tip is, however, influenced by its 
instantaneous location and the structural dimension of the joint together with the type of 
applied load. Due to the complexity of the load carried and the locations of the pre-existing 
cracks, clearly, it was not intuitively obvious as to which of the pre-existing cracks was most 
critical for a given joint geometry. Case by case evaluation was required. 
 
4.2.3 Butt Joint 
 
The fatigue strengths of two types of butt joints were calculated as part of this thesis work. 
The first is the butt joint welded from both sides but with partial penetration. The initial root 
cracks of the welds both sides were considered. The geometrical parameters and the load 
conditions of double-side welds butt joint are shown in Fig. 4.13 and Table 4.1.  
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Fig. 4.13 Dimensions of the butt joint welded from both sides 
 
Table 4.1 Geometrical parameters and load conditions of the butt joint welded from both sides 

w/T 0.05 0.1 0.2 0.4 0.8 
L1/L2 1.0 2.0 4.0 

B1(2)/2L1(2) 1.0 0.5 
h1(2)/b1(2) 0.1 0.2 0.3 

DOB -1.0 -0.5 0.0 0.5 1.0 
 

The second butt weld type was the single sided butt joint with partial penetration. In this case 
the two plates to be welded can also be of different thickness. The geometrical parameters of 
one side weld butt joint and the load conditions were shown in Fig. 4.14 and Table 4.2. The 
other sizes of the joint were defined as L1=L2=100 mm, T1=25 mm. The transition angle at the 
toe was chosen as β=45°.  

 

L1L2 

T2 T1

b

β

α
w

t

h

 
Fig. 4.14 Dimensions of the butt joint welded from one side. 

 
Table 4.1 Geometrical parameters and load conditions of the butt joint welded from one side. 

w/T1 0.0 0.04 0.1 0.4 
T2/T1 1.0 1.1 1.4 2.0 

h/b 0.0 0.1 0.3 
DOB -0.5 0.0 0.5 1.0 

 
Fatigue strength of the butt joints were reported in Appendix A4. 
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4.3   Analysis of Fatigue Crack Tip Fields by Elastic Plastic Fracture  
        Mechanics (EPFM) Approach  
 
Linear elastic fracture mechanics (LEFM) can be usefully applied as long as the plastic zone 
is small compared to the crack size. This is usually the case in materials where fracture occurs 
at stresses appreciably below the yield stress and under conditions of plane strain. In such 
circumstances the fracture can be characterized by . When plane stress prevails the crack 
tip plastic zone is larger than in the case of plane strain. When the plastic zone is large 
compared to the crack size, linear elastic fracture mechanics does not apply. 

ICK

 
In practice, welded joints frequently experience plane stress conditions and large deformation. 
Logically, it is necessary to find the satisfactory rationale ways to handle such problems. 
Nevertheless, an investigation regarding the mismatching influence on crack tip fields and 
fracture-characterizing parameters is needed before the above rational ways could be found. 
Some findings concerning the influence of mismatching on fatigue crack tip fields and the 
characteristic parameter, such as the J-integral, are presented briefly in this section with the 
details presented in Appendix 2. 
 
4.3.1 Progressive Crack-tip Fields of Mismatched Specimens 
 
Finite element calculations were performed on the mismatched specimens shown in Fig. 
3.1(b). The forward yielding in homogeneous specimens and sandwich specimens was 
calculated during the loading part of each cycle. In addition to the crack tip yielding, the 
localized yielding in the adjacent region was also found in overmatched specimens. The 
changes of the forward plastic zone due to the maximum applied cyclic load are schematically 
illustrated in Fig. 4.15. 

 
Fig. 4.15  Schematic of forward plastic zone shape in an overmatched specimen during 

fatigue crack growth. 
 
The crack opening displacement along the cracked surface was monitored during both the 
  



 - 51 -
 
loading and unloading parts of the fatigue cycles. Plastic deformation in the wake of a fatigue 
crack was qualitatively studied by the compression of the crack profiles of both a fatigue 
crack and a stationary crack under the maximum applied cyclic load. This was believed to be 
the major reason for the observed fatigue crack closure. 
 
Due to the unique localized yielding in mismatched specimens, together with the influence of 
crack closure, compressive stresses were developed not only at the crack tip region but also 
along the closed fatigue crack surface upon complete removal of the applied load. The fatigue 
crack could be fully opened only after the above residual compressive stresses, both at the tip 
region and along the closed surface, were balanced by the applied tensile stress during 
subsequent reloading. Based on this consideration, the influence of mechanical mismatching 
on fatigue crack opening load was estimated by examination of the changes of crack opening 
displacements at the tip node, changes of stresses at the tip node and changes of contact 
stresses along the closed fatigue surface in reloading part of fatigue cycles. Consequently, 
fatigue crack closure was the primary reason as to why mechanical mismatching led to 
increased fatigue crack growth life. 
 
A part of the above results was reported in the published papers in Appendix 1 and the 
theoretical background is resented in Appendix 2. 
 
4.3.2 Application of the J-Integral to the Fatigue Crack Growth of Mismatched Welds 
 
Both plasticity and unloading are characteristics of fatigue loading.  These characteristics are 
contradictory to the original assumptions of the J-integral principle. However, Dowling [33] 
has correlated fatigue crack growth data with the cyclic J-integral range. Other researchers 
have also been attracted to the investigation of the influence of the cyclic plasticity on J as a 
means of characterizing crack extension. Attempts have also been made, in this thesis, to 
define the path dependency and independency of the J integral in characterizing crack growth 
in mismatched CCP specimens. Both the stationary cracks and fatigue cracks were considered 
as the path independency of the J-integral was evaluated in monotonic and cyclic loading 
conditions.  
 
The implementation of the J-integral into fatigue crack growth, in mismatched specimens is 
detailed in Appendix 2. 
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4.4 Summary  
 
The finite element method has been used to simulate the damage caused by micro-void 
coalescence in welded specimens based on continuum damage mechanics. The influence of 
geometric discontinuities including pre-existing crack-like defects on fatigue strength of 
welded joints was also systematically investigated using linear elastic fracture mechanics 
principles. To better understand the fatigue crack tip fields when LEFM assumptions are no 
longer valid, elasto-plastic fracture mechanics was also used.  
 
Gurson’s damage model and its modification were used to describe the nucleation and growth 
of micro-voids in ductile materials. A set of parameters for micro-void volume calculation 
and the failure criteria were defined.  
 
The methodology for prediction of fatigue life and fatigue strength of welded joints, based on 
Paris-Erdogan relation and IIW recommendations, was presented. This methodology was 
implemented in the parametric investigation of the influence of geometrical discontinuities 
and load condition on fatigue strengths of lap joints, angle joints and butt joints with the pre-
existing crack-like defects. 
 
The application of elastic-plastic fracture mechanics in characterizing fatigue crack growth in 
mismatched specimens was briefly presented with details further reported in Appendix 2.  
 
 

  



 - 53 -
 

5 Conclusions 
 
The future of high technology welded constructions will be characterised by higher strength 
materials and improved weld quality with respect to fatigue resistance. Implementation of 
high quality high strength steel welds will require that more attention be given to the issues of 
crack initiation and mechanical mismatching. Root cracking and geometric mismatching is a 
continuous challenge in the production of economic and fatigue resistant welded joints. Work 
in this thesis can be subdivided into three major areas with the geometrical discontinuity 
dependency of fatigue strengths of welded joints subject to root cracking as one area, the 
mismatching effect of welded joints on crack initiation and low cycle fatigue as the second, 
and the effect of mechanical mismatching on fatigue crack growth behaviour as the third. 
Important findings have been published at international conferences and in technical journals. 
These publications are reproduced in Appendix A. 
 
FEM was the major tool used in the prediction of fatigue strengths of welded joints with 
geometrical discontinuities. The pre-existence of crack-like defects at both the weld toe and 
weld root were key characteristics of these joints. Geometrical parameters of typical joints, 
such as the thickness of the members to be jointed, the size and profile of welds were 
systematically varied with the goal of building a database for engineering use. Fatigue 
strengths of welded joints were predicted based on Paris-Erdogan relation and IIW 
recommendations. Loading included tensile, bending and various combinations of these two. 
The results can be assistance to designers making decisions regarding the proper choice of 
geometrical parameters of the as welded joints based on fatigue strengths. Also the degree of 
weld penetration needed to attain adequate fatigue strength can be assessed, thus, producing 
potential economic savings. The detailed results on lap joint, angle joint and butt joint were 
presented in the appended papers. 
 
By using experimental and finite element (FE) methods, the effects of mechanical 
mismatching on the initiation of micro voids was investigated within the framework of 
continuum damage mechanics. The damage mechanisms of mismatched specimens were 
analysed, with the help of the in-situ SEM observation in monotonic loading. The effect of 
mechanical mismatching on fatigue crack growth behaviour of welded joints was investigated 
both by experimental and elastic-plastic fracture mechanics (EPFM) approaches. The 
influence of mechanical mismatching on fatigue crack growth behaviour of welded joints was 
attributed to its influence on fatigue crack closure. The applying of the J integral concept into 
fatigue crack growth of welded joints was also evaluated.  
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Summary of Appended Papers 
 
Seven papers were attached as appendix A of this thesis. 
 
In the first paper, the modified Gurson’s damage model was presented. Sandwich-like bi-
material mismatching specimens were designed; the accumulation of micro voids in terms of 
void volume fraction was considered as a damage parameter for description of the nucleation 
and growth of micro voids in ductile materials. This was implemented in the FEM code 
MARC. The nominal longitudinal strain, at formation of the macro void, was suggested as a 
reasonable critical value for the assessment of damage resistance of a material. Damage 
resistance of the mismatching specimens was evaluated accordingly. 
 
In the second paper, the fatigue life and fatigue strength prediction procedure for parametric 
geometry analysis was presented. The concept FAT used by the IIW recommendations was 
also introduced. By using the FRANC 2D/L code, the influences of load conditions, weld 
sizes, the boundary constraints, the pre-existing of root crack and toe crack on fatigue strength 
of lap joint were computed. The influence of FE model size reduction, as it was used 
frequently in numerical simulations, on the accuracy of the results was analysed.  
 
The angle joint was chosen as the objective of paper 3. The mean fatigue strengths of such 
joints were predicted, with the consideration of the load conditions, joint geometry and 
dimensions, and the pre-existing of root crack and toe crack, based on the Paris-Erdogan 
relation and IIW recommendation.  
 
In paper 4, the fatigue strength of double-sided welded butt joints was estimated using finite 
element method and linear elastic fracture mechanics. The welded joints were considered as 
partially penetrated and with asymmetry of the two welds. The influence of the variation of 
the weld geometry and the carried loads on the fatigue strengths of the joints was assessed. 
The extent of lack of penetration expectedly had the most significant influence on fatigue 
strength of the joint.  
 
In paper 5, a systematic analysis of the geometrical discontinuity on fatigue strengths of 
several types of welded joints, including single fillet welded T-joint, corner joint, angle joint, 
cruciform joint with V-butt welds and partial penetration, cruciform joint with K-butt welds 
and partial penetration, T-joint with fillet welds, butt joint of double welds with partially 
penetration, butt joint of single weld with partially penetration, non-load carrying lap joint, 
butt joint with permanent backing bar, axially load carrying lap joint and axially load carrying 
double lap joint, were analysed in as welded condition. A maximum tangential stress criterion 
with the Paris crack growth law was used to predict the growth of a root crack and a toe crack 
under mixed mode KI - KII conditions. The effect of weld size and joint dimension ratios on 
the fatigue strength, were studied. 
 
In paper 6, the sandwich-like mismatch CCP specimen was presented. Fatigue crack growth 
tests were performed on overmatched CCP specimens with various sandwich layer widths. 
The influence of mechanical mismatching on fatigue crack growth rate and fatigue crack 
growth life was demonstrated experimentally. Fatigue crack surface profile and crack tip 
stresses distribution were analysed by finite element method. The residual plastic 
displacements in the wake of the fatigue crack were verified and were considered as the major 
cause of crack closure. Changes of the stress at the crack tip were analysed and a criteria in 
estimation of fatigue crack opening load was defined. The influence of mechanical 
mismatching on fatigue crack growth rate and fatigue crack growth life was interpreted by its 
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influence on the criteria defined above. 
 
In paper 7, the localized yielding at the fatigue crack tip of sandwich CCP specimens was 
analysed. The forward plastic zone shapes were calculated and the changes of plastic zone 
shape in an overmatch CCP specimen were predicated. Contact stress distributions along the 
closed fatigue crack were calculated and the redistribution of the contact stresses during 
reloading were analysed. The crack opening process was illustrated. By examining the 
changes in crack tip displacement during loading, the crack tip opening loads were defined. 
Finally, the influence of mechanical mismatching on fatigue crack growth rate and fatigue 
crack growth life was attributed to its influence on fatigue crack closure. 
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