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Abstract 
 

The thesis focuses on weld defects in laser processed materials (for laser welding, laser 
hybrid arc welding and laser cladding) and their effect on the fatigue life of 
components. Component properties were studied with particular emphasis on the 
macro and micro surface geometry, weld defects and clad defects. The influence of 
these defects on fatigue life was analyzed by; the nominal and effective notch stress 
method, fatigue life prediction using Linear Elastic Fracture Mechanics (LEFM), 
fatigue testing, metallurgical analysis, fractography, elastic and elastic-plastic Finite 
Element Analysis (FEA). A simplified Computational Fluid Dynamics (CFD) analysis 
was also carried out to better understand the formation of undercuts during the welding 
process. The main objective is to gain an understanding of the impact of laser weld and 
clad defects on the fatigue behaviour of components. 
 

In the first two papers, fatigue testing involving the bending of laser hybrid arc welded 
eccentric fillet joints was carried out. Based on measurements of the weld surface 
geometry the crack initiation location and the crack propagation path were studied, 
experimentally and in conjunction with FE stress analysis. The competing criteria of 
throat depth and stress raising by the weld toe radii and by the surface ripples are 
explained, showing that the topology of surface ripples can be critical to fatigue 
behaviour. LEFM analysis was conducted to study the effect of Lack of Fusion (LOF) 
on fatigue life. Cracking starts and propagates preferentially from the lower toe of the 
top surface for this eccentric weld, even in cases of LOF.  
 

In the third paper two-dimensional linear elastic FEA was carried out for laser welding 
of a high strength steel beam. The impact of the geometrical aspects of joint design 
and of the weld root geometry on the fatigue performance was studied. Critical 
geometrical aspects were classified and then studied by FE-analysis with respect to 
their impact on the fatigue behaviour.  
 

In the fourth paper the melt pool flow behaviour during the laser hybrid arc welding 
process was analyzed by CFD simulation. The melt velocity behind the keyhole was 
measured from high speed imaging as a starting value for the simulation. It was found 
that a high speed flow in the thin topmost layer of the melt transferred its momentum 
to an underlying flow which is faster than the welding speed and this delays the lifting 
of the depressed melt. 
 

In the fifth and sixth papers FEA of different macro stress fields and of stress raisers 
produced by defects was studied in laser clad surfaces for four different fatigue load 
conditions. Defects were categorized into zero-, one- and two-dimensional types. 
Pores intersecting or just beneath the surface initiated fatigue cracking, accompanied 
by two circular buckling patterns. For a four-point bending load involving a surface 
pore on a spherical rod, the critical range of azimuthal angle was identified to be 55º. 
The performance of as-clad surfaces was found to be governed by the sharpness of 
surface notches. Planar defects like hot cracks or LOF are most critical if oriented 
vertically, transverse to the bar axis. A generalized theory was established, showing 
that the combination of the macro stress field with the defect type, position and 
orientation, determines whether it is the most critical stress raiser.  
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INTRODUCTION 
  
1. Organisation of the thesis 
 
This Doctoral thesis is composed of an Introduction, two Review Papers (i and ii) and 
six Scientific Papers (I-VI). 
 
Organisation of the Introduction 
 

 In the introduction the links (“red wire”) between the six research Papers I-VI 
are explained through their common as well as complimentary research aspects 
in terms of: 

o Organisation of the thesis [Section 1]. 
o Motivation of the research [Section 2]. 
o Methodological approach [Section 3]. 
o General conclusions of the thesis [Section 8]. 
o Future outlook [Section 9]. 
 

 The two main subjects and the main method of the thesis (i.e. laser materials 
processing, fatigue cracking and numerical analysis methods) are briefly 
described, including the State-of-the-Art [Sections 4,5,6; Review Papers i, ii]. 

 
 The six papers and their results are summarised  [Sections 7,8]. 

 
Organisation of the Papers 
 
Annex A – Review Papers: 
 

Review Paper i: Fatigue behaviour study of laser hybrid welded eccentric fillet joints 
Part II: State-of-the-Art of fracture mechanics and fatigue analysis of welded joints.  
 
Review Paper ii: State-of-the-Art of laser cladding defects and of their impact on 
fatigue behaviour. 
  
Annex B – Scientific Papers: 
 
Paper I: The influence of surface geometry and topography on the fatigue cracking 
behaviour of laser hybrid welded eccentric fillet joints. 
 

Paper II: Influence of defects on fatigue crack propagation in laser hybrid welded 
eccentric fillet joint. 
 

Paper III: Generalising fatigue stress analysis of different laser weld geometries. 
 

Paper IV: Analysis of the rapid central melt pool flow in hybrid laser-arc welding. 
 

Paper V: Surface pore initiated fatigue failure in laser clad components. 
 

Paper VI: Analysis of the stress raising action of flaws in laser clad deposits. 
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Context of the Papers 
 
The thematic focus of the eight papers is illustrated in Fig. 1, which particularly 
outlines the methods applied and the aspects studied. The Review Papers (i, ii) 
describe the State-of-the-Art of fracture mechanics and fatigue analysis of welded 
joints, and of laser cladding defects, respectively.  
 
Papers I-III focus on fatigue analysis of laser welds based on their resulting shape after 
the welding process.  
 
Paper IV involves a Computational Fluid Dynamics (CFD) simulation of how the laser 
hybrid weld shape is generated during the process.  
 
Papers V and VI deals with laser cladding defects and their fatigue behaviour.  
 

 
Weld       
Laser weld          
Laser hybrid arc weld       
Laser clad-layer           
 

State-of-the-Art           
Welding process            
Weld or clad-layer shape          
Welding or cladding defects          
 

Metallurgy, fractography          
Fatigue testing, evaluation          
Stress FEA            
Cracking FEA             
Melt pool CFD        
 

Generalization, documentation        
 

Fig. 1 Differences in the thematic focus of the papers composing the core of the thesis 
( : core subject, : partially involved) 

 
In Paper I the fatigue behaviour of a particular hybrid laser welded joint is studied, 
both experimentally and by Finite Element Analysis (FEA) with respect to maximum 
stress and crack initiation locations, particularly with regard to the role of weld shape 
and surface ripples.  
 
In Paper II (a continuation of Paper I) fatigue crack propagation is studied (including 
the influence of lack-of-fusion), again both experimentally and by FEA.  

          Paper          Review   Review 
  Paper      Paper      Paper      Paper      Paper      Paper      Paper       Paper 

             I                     i              ii              I               II            III           IV            V              VI 
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Paper III presents FEA modelling of stress raisers for different laser welded joints and 
for a variety of root geometries.  
 
In Paper IV, CFD simulation was carried out on the laser hybrid arc welding process in 
order to understand the undercut formation process and methods to suppress this 
phenomenon.  
 
In Paper V, laser cladding defects and their fatigue behaviour are studied in depth both 
experimentally and by Finite Element Analysis (FEA) for a specific case and in 
Paper VI this subject is tackled in a wider, generalising manner.  
 
All six papers, but particularly Paper III and Paper VI aim also at generalisation and 
illustration of the knowledge revealed. 
 
The author of the thesis co-ordinated the research and carried out or concluded many 
of the results by himself. Nonetheless, the research was conducted in close cooperation 
with the academic and industrial partners of the VINNOVA-projects HYBRIGHT 
(Papers I,II) and LOST (Paper III), of the EU-Objective 2 project IndLas (Paper IV) 
and of the EU Interreg Nord IVA project FATLASE (Papers V,VI).  
 
In particular, Dr. Zuheir Barsoum (KTH, Sweden) and Dr. Pär Jonsén (LTU) 
contributed significantly with FEA for Papers I and II. Moreover, Dr. Pär Jonsén and 
Prof. Hans-Åke Häggblad (LTU) conducted the fatigue testing and were involved in 
its analysis for Papers I, II. Jan Frostevarg (LTU) carried out the experimental laser 
welding study in Paper III. Fatigue testing of laser clad components and the analysis of 
fracture surface was carried out by Dr. Jari Tuominen, Dr. Juha Miettinen and Jonne 
Näkki (all from Tampere UT, Finland). The above researchers plus the main PhD-
supervisor, Prof. Alexander Kaplan, were a close team during the research and 
provided intense, valuable discussions. The author of the thesis is grateful for this 
fruitful close cooperation. 
 
Additional publications of relevance  
 
The eight papers listed so far were produced together with the six conference 
manuscripts listed below, containing additional findings and more detailed 
descriptions of the methods applied. They present the results in a more focused rather 
than interdisciplinary manner for their respective research communities (laser 
processing, fatigue analysis).   
 
M. M. Alam, Z. Barsoum, P. Jonsén, H. Å. Häggblad, A. F. H. Kaplan, The effects of 
surface topography and lack of fusion on the fatigue strength of laser hybrid welds, in 
Proceedings of ICALEO 28 Conference, Orlando, Florida, USA (2009) 38-46. 
 
M. M. Alam, Z. Barsoum, P. Jonsén, H. Å. Häggblad, A. F. H. Kaplan, Geometrical 
aspects of the fatigue behaviour of laser hybrid fillet welds, in Proceedings of Fatigue 
Design Conference, Senlis, Paris, France (2009). 
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A. F. H. Kaplan, J. Karlsson, M. M. Alam, T. Ilar, Stress analysis of laser weld 
geometries for light-weight design joints, in Proceedings of the Swedish Conference 
on Light Weight Optimized Welded Structures (LOST), Borlänge, Sweden (2010).  
 
J. Karlsson, C. Markmann C, M. M. Alam, A. F. H. Kaplan, Parameter influence on 
the laser weld geometry documented by the matrix flow chart, Physics Procedia, 5 
(2010) 183-192. (also presented at the LANE conference in Erlangen, Germany) 
 
A. F. H. Kaplan, Z. Barsoum, M. M. Alam, P. Jonsén, H. Å. Häggblad, T. Ilar, The 
impact of weld shape on fatigue cracking of eccentric geometry laser hybrid welds 
under bending load, Proceedings of IIW Conference, Istanbul, Turkey, IIW (2010). 
  
M. M. Alam, Z. Barsoum, P. Jonsén, H. Å. Häggblad, A. F. H. Kaplan, Fatigue 
behaviour study of laser hybrid welded eccentric fillet joints – Part I, in Proceedings of 
NOLAMP 12 Conference, Copenhagen, Denmark (2009). 
 
Review Paper i of the thesis is also published, in: M. M. Alam, P. Jonsén, A. F. H. 
Kaplan, Fatigue behaviour study of laser hybrid welded eccentric fillet joints – Part II: 
State-of-the-art of fracture mechanics and fatigue analysis of welded joints, in 
Proceedings of NOLAMP 12, Copenhagen, Denmark, FORCE Technology (2009).  
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2. Motivation of the research  
 
Traditional welding processes, e.g. arc welding of various kinds, are well established 
manufacturing techniques. The mechanical strength of the joints produced is accepted 
as a result of decades of experience. New welding technologies, e.g. laser or hybrid 
laser welding, are still struggling to gain acceptance from manufacturers even though 
research has often demonstrated higher mechanical strength than that of conventional 
arc welded joints [1].  One important factor in improving the level of application of 
laser or hybrid laser welding is a fuller appreciation of the fatigue behaviour of the 
welds produced. 
 
Similarly, the adhesive strength of laser clad layers is often much better than for many 
other coating techniques such as plasma spraying or CMD [2], but confidence in the 
technique will remain low until the fatigue behaviour of laser clad layers is better 
understood. Thus, the motivation behind this thesis comes directly from the 
manufacturing requirement to study the fatigue behaviour of laser welded and cladded 
components. In particular, closer cooperation between the different research 
communities dealing with the welding and cladding processes and with the stress 
analysis of the resulting products was a desired goal. 
 
Papers I and II (project HYBRIGHT) aim at better understanding of maximum stress 
locations and of fatigue crack propagation with regard to the geometrical properties of 
laser hybrid arc welds, such as joint design, weld shape, roughness and defects. 
 
An improved understanding of the load stress field generated by different joint 
geometries, and particularly by various weld root shapes, for a laser (or hybrid) welded 
beam was studied in Paper III, as part of the broad lightweight design platform LOST.  
Understanding of favoured weld shapes is an interface between two processes, namely 
(i) the generation of the weld shape during manufacturing and (ii) the fatigue cracking 
process based on the weld shape of the product in load. Therefore, given the 
geometrical knowledge accumulated in the earlier papers, in Paper IV (project IndLas) 
the melt flow in the laser hybrid weld pool tail was simulated to better understand the 
generation of the weld geometry (reinforcement and undercuts). Papers V, VI (project 
FATLASE) study the fatigue durability of laser clad components for various loads and 
defects.  
 
Beside generating knowledge through case studies, one aim of the thesis is the 
generalisation of stress analysis information, and its illustration and formulation, in 
order to transfer it to different applications and techniques, and for creating standards. 
This was done in Papers III and VI.  
 
The overall motivation of the thesis is an improved understanding, confidence and use 
of laser welding, laser hybrid arc welding and laser cladding.  
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3. Methodological approach  
 
The goal of the thesis is to obtain an improved understanding on the fatigue life of 
laser-processed components. Although the different techniques of laser welding, laser 
hybrid arc welding and laser cladding were studied, many aspects of the fatigue 
behaviour exhibit similarities, particularly when generalising the results.  
 
Fatigue cracking can be divided into crack initiation and crack propagation. For the 
former the identification of locations and levels of maximum stress is of importance 
and this was done by Finite Element stress analysis. Moreover, from fractography of 
fatigue tested samples the ratchet lines indicated the crack initiation location. The 
propagation of the crack was simulated by FEA, assuming a certain tip radius. A 
survey on the numerical methods used is given in Chapter 6 of the Introduction. The 
experimental and numerical methods applied are described in more detail in the 
papers. Fatigue lifetimes were expressed by SN-curves that were obtained from fatigue 
testing. 
 
For analysis of welded samples, the identification of surface shapes and even of their 
topology was an essential input for the stress analysis. For laser cladding, the location 
and orientation of different types of defects determined the maximum stress. The load 
situation was a key criterion analyzed by FEA, including the joint type for welding and 
the sample shape for cladding. 
 
The location and level of maximum stress was explained and illustrated by 
categorising the competing mechanisms that contribute to stress raisers, which beside 
the macro stress field can be surface curvatures and notches or defects and their 
location and orientation. Residual stress and distortion were not central to the present 
study, but were considered as superimposed mechanisms in the discussions. 
 
Various illustrative methods for the explanation, documentation and comparison of the 
identified aspects, mechanisms and trends were developed, both at a qualitative and 
quantitative level.  
 
Although the study mainly focuses on fatigue behaviour for a certain load situation 
with reference to the weld or clad shape, along with its defects, due to its important 
link Paper IV also studied the generation of the weld shape. The weld pool flow was 
simulated by Computational Fluid Dynamics to study the impact of the liquid 
movement observed by high speed imaging on the undercut formation.  
 
Eventually, from generalization of the findings, particularly by categorisation and 
illustration, recommendations for product development and production are given to 
maximise fatigue life. At this general level, many of the results are transferable 
between welding and cladding. 
 
 
 



Md. Minhaj Alam Introduction 15

 

4. Laser materials processing  
 
4.1 Introduction  
 
A laser beam provides unique characteristics for material processing. The 
electromagnetic radiation of a laser beam is absorbed by the surface of materials (e.g. 
metals). The interaction time between the laser and material leads to different 
processes shown in Fig. 2. The relative velocity of the laser beam with respect to the 
substrate causes the thermal cycle in the surface layer. The figure also shows a 
schematic representation of the physical phenomena that occurs during various laser 
material processes. These processes are due to different combinations of absorption, 
heat conduction, melting, powder addition, and rapid solidification. However, the 
common physical phenomenon of all laser material processing techniques is rapid 
solidification, which causes a superior and fine metallurgical structure. In this thesis, 
laser welding, hybrid laser welding and laser cladding techniques are discussed. 
Welding is defined by the American Welding Society (AWS) as a localized 
coalescence of metals or non-metals produced by either heating of the materials to a 
suitable temperature with or without the application of pressure, or by the application 
of pressure alone, with or without the use of filler metal. Welding is a key technology 
in industrial manufacturing in order to maintain the mechanical strength of a product 
by the joint, which is a complex criterion with respect to its definition and control. 
Laser welding and its variant hybrid laser welding are advanced welding techniques 
that offer several advantages but still often are a niche technology. Beside other 
reasons, limited understanding of the fatigue behaviour of the welds leads to lack of 
design standards and lack of confidence. Laser cladding is another important laser 
material processing technique, in which a laser beam irradiates powder particles and 
the surface of the substrate moved by a positioning device. As a result of additive 
powder particles, a thin layer called a ‘‘clad’’ is produced on the substrate. 
 

 
 

Fig. 2 Schematic of physical phenomena during different laser material processing 
techniques [3] 
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4.2 Laser welding 
 
The theoretical fundamental principles of stimulated emission and the quantum-
mechanical fundamental principles of the laser were postulated by A. Einstein and 
others in the beginning of last century. However, it took more than 40 years until the 
development of the first (ruby) laser took place in the Hughes Research Laboratories. 
The following years were characterized by a rapid development of laser technology. 
Already in 1970, and especially with the availability of high-power lasers in the 
beginning of the Eighties, CO2- and solid-state lasers were used in material processing. 
Nowadays, the power of these lasers is often in the range of 5-10 kW (up to 50 kW in 
some cases) for the CO2 lasers, 0.3-4 kW for Nd: YAG lasers and up to 30 kW for 
fiber laser. Table 1 provides an overview of the characteristics of some of the 
commercially available high power cw laser sources. There are many manufacturing 
methods possible when using a laser beam as an optical energy source (cutting, 
micromachining, surface treatment, rapid prototyping) but the main focus will be laser 
welding in this thesis.  
 

Table 1: Comparison (indicative) of high power laser sources 

 Laser type CO2 Lamp-pumped 
Nd:YAG 

Diode-
pumped 
Nd:YAG 

Yb:fibre 
(multi-
mode) 

Thin disc 
Yb:YAG 

Lasing medium Gas 
mixture 

Crystalline 
rod 

Crystalline 
rod Doped fibre Crystalline 

disk 
Wavelength, μm 10.6 1.06 1.06 1.07 1.03 
Beam 
transmission 

Mirror, 
lens Fibre, lens Fibre, lens Fibre, lens Fibre, lens 

Typical delivery 
fibre Ø, micron - 600 400 100-200 150-200 

Output powers,  
kW 

Up to 
15kW Up to 4kW Up to 6kW Up to 

30kW Up to 16kW 

Typical beam 
quality,  
mm.mrad 

3.7 25 12 12 7 

Maintenance  
interval, khrs 2 0.8-1 2-5 100 2-5 

Power  
efficiency, % 5-8 3-5 10-20 20-30 10-20 

Approximate cost 
per kW, k$ 60 130-150 150-180 130-150 130-150 

Footprint of laser 
source large medium medium small medium 

Laser mobility low low low high low 
 
Laser welding is a widely known technique, sometimes massively used (70% of the 
welds of the VW Golf VI body-in-white were laser welded, however now becoming 
less, and 50-75% of large passenger ship structures at Meyer Shipyard, Germany are 
hybrid laser welded) but often a high performance niche technology. The laser is 
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focused onto the workpiece creating a concentrated heat source in order to melt and 
fuse material together [4], see Fig. 3. The main characteristic advantage of laser 
welding is the capability of distribution of the energy (via the drilled vapour capillary, 
the so-called keyhole) deep into the material to generate a narrow, deep weld [5, 6]. 
The energy required for melting the surface is about 106 W/cm2, which is one of the 
highest among the different welding processes available. Due to excellent focusing 
capabilities, high power lasers suitable for welding have nowadays reached cw-power 
densities of the order of 107-108 W/cm2. This high energy concentration produces a 
weld with a high depth to width ratio with minimal thermal distortion. 
 

 
Fig. 3 Schematic view from the side of the laser welding process 

 
In laser welding we distinguish between two main processes: heat conduction welding 
and deep penetration welding, see Fig. 4. In heat conduction welding, the materials to 
be joined are melted by absorption of the laser beam at the material surface from 
where the heat flows into depth – the solidified melt joins the materials. Welding 
penetration depths in this context are typically below 2 mm. Deep penetration welding 
starts at energy densities of approx. 106 W/cm2 where evaporation is reached and a 
vapour capillary is created inside the material. The resulting vapour pressure inside the 
material keeps the capillary open, being of similar diameter as the laser beam. The 
beam is moved through the material by the motion system, following the contour to be 
welded. The hydrostatic pressure, the surface tension of the melt, and the vapor 
pressure inside the capillary, particularly the ablation pressure locally generated by the 
laser beam, reach equilibrium, preventing the keyhole from collapsing. Multiple 
reflections inside the keyhole guide the incident laser beam deep into the material and 
enhance its absorption. Today, given sufficient laser power, weld depths of up to 
25 mm (steel) can be achieved. 
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Fig. 4 Schematic diagram of heat conduction and deep penetration laser welding (ref. 

www.rofin.com) 
 

Since lasers are capable of producing thin, deep welds, it seems natural to select butt 
joint configurations for laser welding, see Figure 5. Where butt joints are practical, 
they allow the greatest speed and the lowest heat input since all the metal in the weld 
is being used to hold the assembly together. A lap joint, Figure 6, can often be used to 
increase the reliability of the welding process. Lap welds melt a lot of metal to produce 
a small connection, but they have a much larger tolerance on position than butt welds. 
Since laser welding is inherently fast and has a low heat input, a lap weld is often the 
most practical choice. 

 

 
 

Fig. 5 Cross-section of laser welded butt joint, 16 mm stainless steel (ref. LTU) 
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Fig. 6 Cross- sections of laser welded lap joint configuration (ref. www.twi.co.uk) 

The laser welding process is quite fast, which is of interest when looking at 
productivity. But this deep and narrow shape of the weld, which has many advantages, 
is also one of the main drawbacks to the process because it requires careful and 
accurate machining and positioning of the workpieces.  

Compared to conventional welding methods, laser welding offers diverse advantages: 

 No tool wear, contact-free processing.  
 Diverse materials and different thicknesses are weldable.  
 Easy conversion to automatic operation.  
 High flexibility in terms of process and geometry.  
 High welding speed.  
 High weld seam quality, resulting in little need for reworking steps.  
 Low thermal material influence, low distortion.  
 Adjustable energy supply in relation to the material.  
 Highest reliability at maximum flexibility.  
 Safe operation by proven beam guiding systems.  
 Adjustment to customized requirements and local conditions by modular design 

of the machine.  
 Simultaneous operation at different machines or different welding spots by 

beam deflectors or splitters.  
 Availability of further options like quality monitoring or documentation of the 

process data. 

But laser welding has also some drawbacks which are: 
 

 High cost of equipment and maintenance. 
 Poor gap bridging ability, which leads to high requirements on joint preparation 
 Limited welding positions. 
 Poor electrical efficiency (for CO2 lasers 5-10 % and for Nd: YAG lasers 1-3%, 

but at least 20-30 % for fibre- and disc-lasers). 
 Occasional metallurgical problems due to the high cooling rates. 
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Laser welding is used in many sectors. Some examples are listed below; see also 
Fig. 7: 

 Tailored blanks for the automotive industry.  
 Thick section welding, e.g. passenger ship panels.  
 Thin section welding, e.g. housings or lightweight car components.  
 Airframe Al- and Ti-structures. 
 Microelectronics applications, e.g. connections. 
 Medical devices, e.g. pacemakers.  

     
                        (a)            (b) (c) 
 
Fig. 7 Examples of laser welding applications: (a) tailored blanks of different sheet 
thickness (mm) for a car side frame, (b) low distortion gear wheels, (c) sealed 
pacemakers (ref all: Trumpf GmbH&Co, Ditzingen, Germany) 
 
4.3 Hybrid laser welding 
 
The combination of laser beam welding (LBW) and conventional gas metal arc 
welding (GMAW) processes is called hybrid laser welding [7], laser hybrid arc 
welding (LHAW) or arc-augmented laser welding [8-10]. The principle is illustrated in 
Fig. 8. 
 

 
 

Fig. 8 Schematic of the hybrid laser/arc welding process (ref. www.fronius.com) 
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The potential for this combination is to combine the advantages of each process, i.e. to 
increase the weld bead penetration and welding speed (laser) and to add material for 
bridging gaps and shaping the top (MIG/MAG wire), which is difficult to realize with 
either laser or arc process by its own. Combining the two processes results in a new 
one with its inherent features and characteristics, hence widening the areas of its 
application and increasing its capabilities, once the mutual interaction between the two 
energy sources is optimized (the larger number of parameters make it basically more 
difficult to control). The arc welding process, characterised by relatively lower power 
density and a wider process zone, creates a wide bead, thus enhancing the joint’s gap 
bridging ability and enlarging the manufacturing tolerances for joint preparation. 
Simultaneously, the laser beam process, characterised by higher localised power 
density, leads to a deeper penetration. Thus in hybrid GMA-laser beam welding, a 
wide and deep bead is achieved at higher welding speeds when compared with the 
GMAW process by its own [11], see Fig. 9. This accordingly leads to less heat input 
per unit length, less thermal distortion, and therefore, less residual stresses, narrower 
heat-affected zone (HAZ), and more important, increased productivity.  
 

 
 

Fig. 9 Principle of hybrid welding by combining an electric arc (MAG) and a laser 
(ref. www.twi.co.uk) 

 
Thus hybrid welding minimizes the drawbacks of both the single laser and the MIG 
process to obtain an optimized welding technique. Though hybrid laser welding has 
reduced the drawbacks of arc and laser welding, to make use of the advantages it has 
many parameters which have to be correctly adjusted to obtain the desired weld 
quality [12-13]. Those parameters are summarized briefly below. 
 
Secondary energy source (Laser with TIG/plasma/MIG-MAG) 
 

The laser combined with the TIG-process is mainly suitable for thin gauge. To choose 
a laser with plasma arc has a certain advantage which is the pilot arc. The pilot arc is a 
low current (5 A) constant arc that is emitted through the nozzle. It usually gives a 
stable process. Laser with MIG/MAG is usually applied to fill up a gap between two 
parts and is the most common method. 
 
Laser power 
 

An increase in laser power will generally increase the weld penetration. In the case of 
hybrid laser-arc welding (as opposed to the autonomous laser process) this 
phenomenon is accentuated because the reflectivity of the workpiece is reduced when 
the metal is heated by the arc. 
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Welding speed 
 

The weld penetration increases when the welding speed is decreased because the heat 
input per unit length of weld is higher. Also the gap filling capability by the filler wire 
is improved at lower welding speeds (at constant filler wire feeding). The ratio 
between welding speed and filler wire feeding is important for the stability of the 
keyhole and thus for the stability of the process itself. 
 
Focal point position 
 

The maximum weld penetration for the hybrid laser-arc process is generally obtained 
when the laser beam is focused below the top sheet surface (2 to 4 mm). Investigations 
have also shown that no change in focal point position is needed when Nd: YAG/TIG 
hybrid welding compared to pure laser welding takes place. 
 
Angle of electrode 
 

In conventional welding, the torch angle from horizontal orientation is usually around 
50°.The penetration depth does not increase at angles closer to vertical. 
 
Shielding gas 
 

The predominant constituent of the shield gas is generally an inert gas such as helium 
or argon. A shielding gas providing a higher ionisation potential is required since the 
plasma can deflect or absorb a portion of the laser energy when CO2 lasers are 
employed. Helium is therefore often preferred to argon for laser welding, but its low 
density and higher price is a disadvantage, thus it is often combined with argon which 
is heavier without substantial alteration of the weld penetration depth. The addition of 
reactive gases such as oxygen and carbon dioxide has been shown to have an influence 
on the weld pool wetting characteristics and bead smoothness. 
 
Edge preparation 
 

The preparation of edges is different in laser welding and conventional welding due to 
the different type of energy distribution. Because of the restricted width of the laser 
beam, perpendicular edges are needed in autogenous laser welding. Therefore, laser 
cut edges are preferred to shear cut edges. In MIG/MAG welding, a V-shape or other 
angled cut is normally made prior to welding; however, the preferred angle is often 
smaller than for arc-welding. 
 
Relative distance between laser and MIG 
 

The relative distance between the laser beam and the MIG torch is one of the most 
important parameters to control in hybrid welding. It will be dependent on the energy 
supplied from each source. A short distance, typically 2 mm between the laser spot and 
the filler wire tip has been shown to be favourable for a steady keyhole and for 
maximum penetration. Whether the laser or the arc is leading is also an often discussed 
item. For the leading arc the wire drops can enter and fill the gap easier while for the 
leading laser often a more stable process was reported. 
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Joint gap 
 

For laser welding gaps up to 0.2 mm can be managed. Gaps larger than this will lead 
to weld defects such as an incomplete weld bead and undercut. The hybrid laser-arc 
process allows us to join work pieces with gaps of 1 mm without any problem and 
even wider gaps, if the wire feeding is set high enough. This process is therefore more 
tolerant to inaccurate joint preparation and joint fit-up as well as thermal distortion of 
the work piece during the welding process. It is also more tolerant to a beam to gap 
misalignment. 
 
Advantages of hybrid laser welding 
 

 Lower capital cost, reduction of 30-40% compared to laser alone due to 
reduction in laser power requirement for same speed. 

 Higher welding speeds. 
 Reduction of edge preparation accuracy needed. 
 Control of seam width and top weld shape. 
 Control of metallurgical variables through the addition of filler wire. 
 Less material hardening. 
 Improved process reliability. 
 Higher electrical efficiency, up to 50% reduction in power consumption. 

 
Disadvantages of hybrid laser welding 
 

 More parameters to be controlled/optimized. 
 Process more difficult to control systematically. 
 The advantage of the “laser finger” makes sense only for thickness larger 3 mm. 
 Welding standards and experience widely missing yet. 

 
Industrial applications 
 

 Shipbuilding, e.g. Odense Shipyard, Meyer Shipyard.  
 Automotive, e.g. VW, Audi. 
 Aerospace.  
 Railway. 
 Pipelines and offshore installations. 
 Heavy industry, power generation. 

 
4.4 Laser cladding 
 
During laser cladding the laser beam melts an alloy addition onto a substrate. The 
alloy may be introduced into the beam-material interaction zone in various ways, 
either during or prior to processing. Figure 10 shows a technique in which alloy 
powder is blown into the laser beam and is deposited as a molten coating on the 
substrate. Very little of the substrate is normally melted and so due to the low dilution 
a clad with the nominal alloy composition is created. Surface properties can then be 
tailored to a given application by selecting an alloy with good wear, erosion, friction, 
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oxidation or corrosion properties [14]. The molten clad solidifies rapidly, forming a 
strong metallurgical bond with the substrate. Most substrates that tolerate laser melting 
are generally suitable for cladding: carbon-manganese and stainless steels and alloy 
based on aluminum, titanium, manganese, nickel and copper. Popular cladding alloys 
are based on cobalt, iron and nickel. The type of laser used depends on the surface area 
to be covered, the thickness of the clad required and the complexity of the component. 
CO2 lasers are ideal for large areas that require a clad layer being several millimeters 
in thickness over regions with a regular geometry. A robot-mounted diode laser beam, 
or Nd: YAG laser light delivered via a fibreoptic cable, is more suitable for precision 
treatment of complex three-dimensional components which require a coating less than 
one millimeter in thickness. The overall aim is to produce a clad with appropriate 
service properties, a strong bond to the substrate, with maximum coverage rate, the 
minimum use of alloy addition, and minimal distortion [15].    
 

 
 

Fig. 10 Laser cladding by the blown powder technique [16] 
 

Basically, two techniques for laser cladding can be distinguished, as follows: 
 

1. Two-step process (pre-placed powder laser cladding)   
2. One-step process  

 
In the two-step process, the first stage consists of a layer of coating material being 
placed before laser irradiating. It is then melted along with the substrate surface by the 
laser beam in the second stage. 
 
In the one-step process, an additive is fed into the melt pool. The additive may be 
supplied in the following forms: 

 Powder injection 
 Wire feeding 
 Paste 
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4.4.1 Two-step laser cladding (pre-placed powder laser cladding) 
 
Pre-placed powder laser cladding is a simple method used for coating and prototyping 
where clad powder is placed on the substrate to fuse to form a clad layer by the laser 
beam [17], see Fig. 11. Several issues are involved in this process. The pre-placed 
powder particles on the substrate must have not only enough bonding to the substrate, 
but also enough cohesion to each other. It is necessary to prevent the powder particles 
on the substrate from removing due to the gas flow during the melting in the second 
step of the process. To overcome this problem, the powder is usually mixed with a 
chemical binder to ensure its cohesion with the substrate during the process. The side 
effect of a chemical binder is porosity in the clad due to its evaporation during the 
process. In the second step of the process the following phenomena occur: 
 

1. Creation of a melt pool in the top surface of the pre-placed powder due to 
absorption of an irradiating laser beam. 

2. Expansion of the melt pool to the interface powder-substrate due to the heat 
conduction. 

3. Penetration of heat into the substrate, causing a fusion bond. 
 

 
 

Fig. 11 Principle of the pre-placed powder laser cladding method [14] 
 

4.4.2 One-step laser cladding 
 
One step laser cladding can be categorised into three methods: powder injection, wire 
feeding and paste laser cladding. The common feature of all three methods is the 
simultaneous feeding of a deposited material in the presence of the laser beam. 
 
Laser cladding by powder injection 
 
During the blown powder laser cladding technique, the metal powder is transported 
into the melt pool that is generated by a laser beam moving relative to the substrate. 
The laser beam is accompanied by a nozzle with carrier. The nozzle is typically 
directed at an angle in the range 38-45º towards the substrate, see Fig. 12, but can also 
be concentrically employed. The powder particles are heated when they pass through 
the laser beam. Melting starts at the interface and the molten particles are trapped in 
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the melt pool. The laser power must be high enough to melt the powder but it has to 
keep substrate melting limited [18]. This technique can produce a high quality 
cladding layer with low dilution. 
 

 
 

Fig. 12 Principle of the blown powder laser cladding technique [14] 
 
Laser cladding by wire feeding 
 
In laser cladding by wire feeding, wire is used instead of powder, as shown in Fig. 13. 
The wire is usually fed through a ceramic drum. Due to the nature of the feeding 
mechanisms, it is essential to use a wire that has been straightened and stored without 
plastic deformation, to ensure stable transport without vibration [19]. One of the most 
important advantages of laser cladding with wire is its adaptation to the cladding 
position. Metal wires are cheaper than metal powders and wire feeding wastes less 
material than powder feeding. In contrast, low surface quality, low bonding strength, 
porosity, cracks and drop transfer are some problems of wire feeding. 
 

 
 

Fig. 13 Laser cladding by the wire feeding technique [3] 
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Laser cladding by paste 
 
In laser cladding by paste, a stream of paste-bound material is deposited on a point of 
the substrate that is usually slightly ahead of the laser beam [20], as shown in Fig.14. 
The paste consists of the hard facing powder with a suitable binder. However, the 
binder must be dried in a short period of time while the hard facing material in a 
compact form is still kept; otherwise powder particles would be blown away by the 
shielding gas. High porosity, extreme sensitivity of the process to disturbances and 
difficulties in the paste feeding mechanism are troublesome conditions of paste laser 
cladding. 

 
 

Fig. 14 Laser cladding by the paste technique [3] 
 

Advantages of laser cladding 
 

Laser cladding offers many advantages over conventional coating processes such as 
arc welding and plasma spraying. Using laser cladding, the following advantages can 
be obtained: 
 

 Reduced dilution, which is the mixing percentage of the substrate to the clad 
region. 

 Improved wear resistance of a part. 
 Reduced thermal distortion. 
 Improved controllability of the process. 
 Repair of worn out parts. 
 Reduced production time. 

 
Disadvantages of laser cladding 
 

Despite the obvious benefits of laser cladding, this process has some drawbacks: 
 

 High investment cost. 
 Low sensitivity. 
 Process is difficult to control. 

 
 



28 Introduction Md. Minhaj Alam

 

Industrial applications 
 

Industrial applications require parts with good wear, corrosion resistance and hardness 
properties; laser cladding is a process which can fulfil all these requirements. 
Examples of industrial laser cladding applications are: 
 

 Automotive (engine valve seats). 
 Aerospace (valve rim, injection moulding tool, turbine blade). 
 Machinery (turbine blade, compressor blade, cutting tools, etc.). 
 Petrochemical (drill rods). 
 Power generation (valves, gas turbine parts, turbine blades, etc.). 

 
5. Fatigue cracking 
 
Welding strongly affects material by the process of heating and cooling, as well as by 
the addition of filler material, resulting in inhomogeneous material zones. Moreover, 
the shape of the weld depends on the melt flow and its resolidification. As a 
consequence, fatigue failures appear in welded structures mostly at the welds rather 
than in the base metal, see Fig. 15. For this reason, fatigue analyses are of high 
practical interest for all cyclic loaded welded structures, such as ships, offshore 
structures, cranes, bridges vehicles, railways, etc.  
 

 
 

Fig. 15 Fatigue failure in welded joint-fracture surface 
 

For several years there has been a trend towards fatigue life improvement by using 
advanced welding techniques like laser welding or hybrid laser welding. Until now, all 
toughness improvements of the fatigue strength of welds were carried out by post-weld 
treatments such as TIG (Tungsten Inert Gas) dressing, hammer peening, grinding, UIT 
(Ultrasonic Impact Treatment) and post-weld heat treatment [21-23]. However, these 
methods often require well-skilled workers or special equipments, and most of these 
methods are time-consuming processes which inevitably make construction costs 
higher. Kirkhope et al. [24-25] also discusses methods of improving the fatigue life of 
welded steel structures by operations such as grinding, peening, water-jet eroding and 
remelting. They stated that the use of special welding techniques applied as part of the 
welding process in lieu of post-weld operations are attractive because the associated 
costs are lower and the quality control is simpler. Nowadays the improvement of weld 
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surface geometry is being achieved with advanced welding technology, particularly 
laser and hybrid laser welding. Therefore, studies of geometrical aspects on the fatigue 
behaviour of hybrid laser welded joints are necessary.  
 
The fatigue failure of welded elements without crack-like defects comprises two 
phases: fatigue crack initiation and fatigue crack propagation [26]. To estimate fatigue 
crack initiation life, the weld toe stress concentration factor (SCF) is usually needed. 
To predict the crack propagation life, stress intensity factors (SIF) are used when a 
linear elastic fracture mechanics approach is employed [27]. Estimation of the fatigue 
life usually assumes the weld toe geometry by a weld angle, and a circular arc which 
defines the weld toe radius. This local geometry affects the local stress concentration 
and together with defects of different types, fatigue cracks form during cyclic loading 
and lead to a large scatter in fatigue life data. Also there is another important weld 
surface geometry - weld surface waviness or ripples from where cracks may initiate. 
Chapetti and Otegui [28] investigated the effect of toe irregularity for fatigue 
resistance of welds and concluded that the period of toe waves, as well as local toe 
geometry, strongly influences the fatigue crack initiation and propagation life. 
 
Same as for laser and hybrid laser welding, the laser cladding process can generate 
defects such as lack-of-fusion, hot cracks, pores or inclusions, both at the layer-
substrate interface and inside the clad layer, and particularly at the interfaces of 
overlapping layers. Moreover, as-clad wavy surfaces create high stress concentration 
during fatigue loading. All these mentioned defects have great influence on the fatigue 
crack initiation and propagation of laser clad components, depending on their size, 
shape, location and orientation. 
 
5.1 Fundamental knowledge of fatigue analysis 
 

Fatigue is the progressive and localised structural damage that occurs when a material 
is subjected to cyclic loading. The maximum stress values are less than the ultimate 
tensile stress limit, and may be below the yield stress limit of the material. Failure of a 
material due to fatigue may be viewed on a microscopic level in three steps 
  
(a) Crack Initiation - The initial crack occurs in this stage. The crack may be caused 
by surface scratches caused by handling, or tooling of the material; threads (as in a 
screw or bolt); slip bands or dislocations intersecting the surface as a result of previous 
cyclic loading or work hardening. 
 
 (b) Crack Propagation - The crack continues to grow during this stage as a result of 
continuously applied stresses. 
 
(c)Failure - Failure occurs when the material that has not been affected by the crack 
cannot withstand the applied stress. This stage happens very quickly. 
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Fig. 16 Crack Propagation due to fatigue [29] 

Figure 16 illustrates the various ways in which cracks are initiated and the stages that 
occur after they start. This is extremely important since these cracks will ultimately 
lead to failure of the material if not detected and recognised. The material shown is 
pulled in tension with a cyclic stress in the horizontal (y-) direction. Cracks can be 
initiated by several different causes. There are several methods for fatigue assessment 
which are frequently used in fatigue life prediction or fatigue crack propagation of 
welded structures and components.  
 
5.2 Fatigue mechanism 
 
Fatigue is a mechanism of failure which involves the formation and growth of cracks 
under the action of repeated stresses. Ultimately, a crack may propagate to such an 
extent that total fracture of the member may occur.  
 
It is known that the local weld geometry, toe angle, toe radius, undercuts and cracks 
strongly influence the fatigue strength. The local geometry affects the local stress 
concentration and together with defects of different types fatigue cracks may form 
during cyclic loading and lead to large scatter in fatigue life. At present, there are two 
primary approaches used for predicting fatigue life, namely, the fracture mechanics 
approach and the S-N curve approach. The relationship between these approaches is 
depicted in Fig. 17. 
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Fig. 17 Relationship between the characteristics S-N curve and fracture mechanics 

approaches 
 
5.3 Fatigue assessment methods 
 
Nominal Stress  
 
Nominal stress is the oldest and most popular method used in fatigue analysis. The 
idea is to calculate a stress component, the nominal stress, which would cause the 
same damage on the particular welded joint as it would cause on a reference joint. 
These reference joints are tabled in design codes. Two main difficulties arise; first, 
how to choose the associated reference joints, and second, how to calculate the 
nominal stress. Nominal stress can, in simple cases, be calculated analytically using 
elementary theories of structural mechanics, based on linear-elastic behavior or by FE 
modeling. In general the following simple formula can be used 
 
      

w
nom al

F                (1) 

 
where, a is weld throat thickness, lw is weld length and F is force   
 
Geometric Stress 
 
The geometric stress Fig. 18 incorporates all the stress raising effects on a structural 
detail, with the exception of stress concentration originating from the weld itself. In 
fatigue calculation, the geometric stress must be determined in the critical direction 
and location on the welded joint. The approach is not appropriate for joints where the 
crack would develop from the root of the weld or from an internal defect. Geometric 
stress is calculated by taking the stress provided by the Finite Element Analysis or 
calculated from the deformation measured by gauges at specified distances from the 
bead toe, as shown in Fig. 18(b). The geometric stress at the bead toe is extrapolated 
from the values obtained at the measuring points using a two- or three-point formula, 
in accordance with the following equations (t-sheet thickness) 
 

ttHS 0.14.0 67.067.1           (2) 
tttHS 4.19.04.0 72.024.252.2              (3) 
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(a)                     (b) 

 
Fig. 18 Definition of geometric stress (a) and extrapolation points (b) [30] 

 
Effective Notch Stress Method 
 
The effective notch stress is the maximum stress measured at the notch, corresponding 
to a radius of 1 mm, as shown in Fig. 19, assuming linear elastic behaviour in the 
material. One essential benefit of this method is that the notch stress is independent of 
the geometry, so that a common fatigue strength curve can be used.  
 

 
 

Fig. 19 Principle of applying 1 mm notch radius at the bead toe and root [30] 
 

Linear Elastic Fracture Mechanics (LEFM) 
 
The basic procedure of fracture mechanics used for fatigue crack propagation is based 
on the following two equations; 
 
Fatigue crack growth, da/dN (in m/cycle): 
 

mKC
dN
da                            (4) 
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Stress intensity factor range, K (in MPa m-0.5): 

aaFK )(                                           (5) 
 
(a = initial crack size in the direction of the crack growth, C, m = material constant,  
= applied nominal stress, F(a) = correction factor for the stress intensity factor) 

 In the literature some engineering values for initial crack sizes in welds in steel 
can be found. Radaj [31] suggests the value a = 0.1-0.5 mm for a line crack and for a 
semi elliptical crack he gives a/c = 0.1-0.5 for the depth/width ratio. In a literature 
survey by Samuelsson [32] the following typical flaw sizes were found for use in 
conjunction with welds. At the surface, welding causes defects with depths from 0.01 
to 0.05 mm.   

 When the applied stress range, , is constant during crack propagation, the 
fatigue crack growth equation can be written as follows  

m
aaFC

dadN
)(

                         (6)   

                                      
Then, the fatigue crack propagation life, Np, from and initial crack size ai to a final 
crack size af  can be computed as follows: 
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The stress intensity factor range, K, for a crack initiating at the weld toe may be 
conveniently expresses as follows: 

aFFFFK TGES ....               (8)
                                    
where, FS = correction factor for free surface, FE = correction factor for crack shape, 
FG = geometry correction factor accounting for the effect of stress concentration due to 
geometrical discontinuity, FT = correction factor for finite thickness or finite width. 
 
The conventional approach in LEFM uses only one crack tip driving force, 
namely K . The crack growth rate in Region II in Fig. 20 is then calculated using the 
power law Eq. (4). For describing crack growth in all Regions I, II and III, there are 
numerous equations. For fatigue calculations of welded joints, which are assumed to 
have an initial defect, only the crack growth in Region II is usually considered. As a 
lower limit for crack growth, in constant amplitude loading, a threshold value, Kth 
can be used. 
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Fig. 20 Fatigue crack growth law 

 
6. Numerical analysis methods 
 
6.1 Introduction 
 
Numerical analysis is the area of mathematics and computer science that creates, 
analyses and implements algorithms for solving numerically the problems of 
continuous mathematics. Such problems originate generally from real-world 
applications of algebra, geometry and calculus, and they involve variables which vary 
continuously; these problems occur throughout the natural sciences, social sciences, 
engineering, medicine, and business. In the engineering field, there are several 
methods available to perform numerical analysis. Among them, Finite Element 
Analysis (FEA), the Finite Differences Method (FDM) and the Finite Volume Method 
(FVM) are perhaps the most popular nowadays. As numerical methods are the main 
approaches applied in this thesis, they are briefly discussed in the following chapter. 
 
6.2 Computational Fluid Dynamics by FVM 

The Finite Volume Method (FVM) is a method for representing and evaluating partial 
differential equations in the form of algebraic equations [33, 34]. Finite Volume refers 
to the small volume surrounding each node point on a mesh. In the finite volume 
method, volume integrals in a partial differential equation that contain a divergence 
term are converted to surface integrals, using the divergence theorem. These terms are 
then evaluated as fluxes at the surfaces of each finite volume. Because the flux 
entering a given volume is identical to that leaving the adjacent volume, these methods 
are conservative. Another advantage of the Finite Volume Method is that it is easily 
formulated to allow for unstructured meshes. The method is used in many 
computational fluid dynamics packages. 
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In this thesis, in Paper IV, a free surface multiphase model was adopted where the 
interface movement molten metal-gas was studied. A method to describe a free surface 
must present three essential features. First, a scheme is needed to describe the shape 
and location of a surface. Second, an algorithm is required to track the shape and 
location in time. Finally, free-surface boundary conditions, BC, are applied at the 
surface. Different numerical approaches have been developed to deal with interphase 
modelling. Probably the most applied of these methods is the Volume of Fluid 
technique, VOF, because of its simplicity and robustness. An example of the VOF 
technique applied for the melt flow in keyhole laser welding is shown in Fig. 21 [35]. 
It is particularly recommended for describing highly complex interfaces. Since the 
volume of a phase cannot be occupied by the other phases, the concept of phasic 
volume fraction is introduced. These volume fractions are assumed to be continuous 
functions of space and time and their sum is equal to one. Conservation equations for 
each phase are derived to obtain a set of equations, which have similar structure for all 
phases. These equations are closed by providing constitutive relations that are obtained 
from empirical information. In the considered multiphase approach, the VOF model is 
applied. In the original algorithm, developed by Hirt and Nichols [36], it is assumed 
that all the phases (incompressible, viscous fluids) must fill the whole domain; hence, 
no void regions are allowed. In addition, to implement the interphase tracking, this 
algorithm is usually combined with a formulation to include the surface tension in the 
momentum equations as volume forces. This algorithm is the continuous surface force 
(CSF) formulation [37]. For analysis of the fluid flow in relation to the tracking free 
surface in the weld, solutions are found for the governing equations of mass 
conservation, momentum conservation (Navier-Stokes equations) and the volume 
fraction function with CSF formulation [38]. The governing equations can be 
expressed in Cartesian coordinates as follows:    

Mass conservation equation: 

0v
t

           (9) 

 
Navier-Stokes equation: 
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Volume fraction function equation: 
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Continuous surface force formulation (for two phases): 
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qn , n ,  
n
nn                   (14) 

 
where  q = 1,2, . . . , N is the total number of phases and Fv, g, n, n, P, t, v, , μ, , , , 
are true volume force, gravitational acceleration, surface normal, unit normal, 
pressure, time, velocity vector, volume fraction average density, dynamic viscosity, 
volume fraction function, surface tension coefficient, curvature respectively. Detailed 
information about the VOF model and CSF formulation can be found in [38].    
 

  
(a)                                                               (b) 
 

Fig. 21 Calculated fluid dynamics of the keyhole laser weld pool; (a) side view, 
(b) horizontal view [35] 

 
6.3 Stress analysis by FEA 
 
The Finite Element Analysis, FEA, is based on the premise that an approximate 
solution to any complex engineering problem can be reached by subdividing the 
problem into smaller, more manageable (finite) elements. Using finite elements, 
complex partial differential equations that describe the behaviour of structures can be 
reduced to a set of linear equations that can easily be solved using the standard 
techniques of matrix algebra. FEA uses a complex system of points called nodes which 
make a grid called a mesh.  This mesh is programmed to contain the material and 
structural properties which define how the structure will react to certain loading 
conditions. Nodes are assigned at a certain density throughout the material depending 
on the anticipated stress levels of a particular area. Regions which will receive large 
amounts of stress usually have a higher node density than those which experience little 
or no stress. Points of interest may consist of: fracture point of previously tested 
material, fillets, corners, complex detail, and high stress areas. A stress field of a 
welded joint under tension and bending load with nodes and elements can be seen in 
Fig. 22. In practice, a Finite Element Analysis usually consists of three principal steps 
[39]: 
 
Preprocessing: The user constructs a model of the part to be analysed in which the 
geometry is divided into a number of discrete subregions, or elements, connected at 
discrete points called nodes. Certain of these nodes will have fixed displacements, and 
others will have prescribed loads. 
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Analysis: The dataset prepared by the pre-processor is used as input to the finite 
element code itself, which constructs and solves a system of linear or nonlinear 
algebraic equations 
 

jiji uKF                      (15)  
 
where u and f are the displacements and externally applied forces at the nodal points. 
The formation of the K matrix is dependent on the type of problem being attacked. 
Commercial codes may have very large element libraries, with elements appropriate to 
a wide range of problem types. One of FEA's principal advantages is that many 
problem types can be addressed with the same code, merely by specifying the 
appropriate element types from the library. 
 
Postprocessing: A typical postprocessor display overlays coloured contours 
representing stress levels on the model, showing a full-field picture similar to that of 
photoelastic or experimental results. 
 

 
 

Fig. 22 The contour of normal stress under tension (left) and bending (right) with 
nodes and elements [40] 

 
6.4 Crack propagation analysis 
 
An existing crack within a structure creates a plastic zone around the crack tip as a 
result of stress concentration. Inclined Lack-of-Fusion, LOF, which can be regarded as 
an existing crack with two crack tips, is shown in Fig. 23(a) and the corresponding 
propagation due to fatigue loading can be seen in Fig. 23(b). During fatigue loading, if 
the plastic zone at the crack tip is sufficiently small compared with the crack size 
(LEFM), displacement, stress and strain fields around the tip are defined by K, which 
has the relationship with crack growth rate as follows: 
 



38 Introduction Md. Minhaj Alam

 

),(1 RKf
N
a                     (16) 

where, 
N
a  denotes crack growth rate, K = maxK - minK  is the stress intensity factor 

range, and R=Kmin/Kmax represents the stress ratio. The simplest, most widely used 
fatigue crack growth model is the Paris model expressed in Eq. 4. According to Eq. 4, 
fatigue crack growth rate is a function of stress intensity factor (SIF; KI, KII, KIII). There 
are several various methods to calculate the stress intensity factor.  
 

   
(a)          (b) 
 
Fig. 23 Fatigue crack from inclined LOF at the clad-substrate interface, (a) initial 
crack, ai = 0.1mm, (b) final crack after propagation, af = 0.7 mm  
 
Displacement correlation technique (DCT) 
 
The displacement correlation technique is based on the calculation of a displacement 
field around the crack tip. In this method, the crack tip is surrounded by quarter-node, 
six-node triangular elements. Nodal displacements around the tip are calculated with 
the help of obtained shape functions. These nodal displacements are then used to 
achieve the SIF's based on the following relationships and Fig. 24 [41]. It is worth 
noting that, in a quarter-node element, the midside node is located at the quarter 
distance away from the crack tip node (ab = 1/4 ac) in order to provide more accuracy 
for the calculated stress and displacement fields around the tip as shown in Fig. 24.  
 

cbedII

cbedI

uuuu
Lv

GK

VVVV
Lv

GK

44
2

.
1)43(

2

44
2

.
1)43(

2

                  (17) 

 
where G is the shear modulus of the material, v is the Poisson ratio, L is the finite 

Crack tip 1 

Crack tip 2 
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element length on the crack face, u and V are displacements of the finite element nodes 
b, c, d and e, see Fig. 24. The combined stress intensity factor is then: 
 

)1).(( 222 vKKK III                    (18) 
 
The displacement method can be applied to the plane strain condition to calculate the 
stress intensity factor: 
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where E is Young’s modulus. 
 

 
Fig. 24 Six-node triangular element around the crack tip [42] 

 
Quarter point displacement technique (QPDT)  

The quarter-point displacement technique [43] is represented with the same 
relationship as the displacement correlation technique, except that the stress intensity 
factor is calculated based on two adjacent nodes to the crack tip as Eq. 20 indicates for 
plane strain condition: 
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where L1/4 is the distance from the quarter node to the crack tip (a-b or a-d in Fig. 24). 
 
J-integral method 

The J integral method is based on the energy release rate per increment of crack 
surface and the elements around the crack tip are considered the domain of the 
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integration. Because linear elastic fracture mechanics (LEFM) and elastic plastic 
fracture mechanics (EPFM) present the same fatigue analysis below the yield strength, 
the values of energy release rate for linear (G) and nonlinear (J) materials are equal. 
Because of the relationship between G and K in LEFM, the stress intensity factor is 
extracted from J for plane stress and strain conditions, based on the following equation 
[44, 45]: 
 

'

2

E
KGJ                      (21) 

Modified crack-closure (MCC) integral technique 

The modified crack closure method calculates the strain energy release rate for a linear 
elastic material (G). The stress intensity factor is then obtained by applying Eq. 21 [46, 
47]. 
 
The comparison of these four different methods has attracted the attention of many 
researchers [48-52]. Based on the review of this previous work it is concluded that 
these methods provide nearly identical results and suggest a preference for working 
with the displacement method. 
 
To simulate the crack growth direction in 2D FE-analysis, the most usual criteria for 
the computation of crack growth are: (a) maximum circumferential stress ( max); (b) 
maximum potential energy release rate (g max); and (c) minimum strain energy density 
(S max). 
 
For the first criterion, Erdogan and Sih [53] considered that a crack grows in the same 
direction as the maximum circumferential tensile stress around the crack tip. In the 
second criterion, Hussain et al. [54] have suggested that the crack propagates in the 
direction with the highest energy relaxation rate and Sih [55] proposed the third 
criterion that crack grows in the direction that provides the lowest level of strain 
energy within the material. Although research has shown a close similarity between 
the results of these three methods for predicting the crack growth direction, most of the 
studies indicate that the first method (the maximum circumferential tensile stress 
method) has been preferred [56-58]. In the maximum circumferential stress theory, the 
direction of crack propagation  is computed from 
 

0)1cos3(sin III KK                   (22) 
 
Analysis of Equation (22) for the two pure modes showed that for pure Mode I, KII  = 
0, KIsin  = 0 and  = 0°, and for pure Mode II, KI  = 0 and  = ±70.5°. These values of 
 are the extreme values of the crack propagation angles. The intermediary values are 

found by solving Eq. (22) for  considering the mixed mode, resulting in 
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7. Summary of the research papers 
 
Paper I: The influence of surface geometry and topography on the fatigue cracking 
behaviour of laser hybrid welded eccentric fillet joints. 
 
Abstract: Laser hybrid welding of an eccentric fillet joint causes a complex geometry 
for fatigue load by 4-point bending. The weld surface geometry and topography were 
measured and studied in order to understand the crack initiation mechanisms. The 
crack initiation location and the crack propagation path were studied and compared to 
Finite Element stress analysis, taking into account the surface macro- and micro-
geometry. It can be explained why the root and the upper weld toe are uncritical for 
cracking. The cracks that initiate from the weld bead show higher fatigue strength than 
the samples failing at the lower weld toe, as can be explained by a critical radius for 
the toe below which surface ripples instead determine the main stress raiser location 
for cracking. The location of maximum surface stress is related to a combination of 
throat depth, toe radius and sharp surface ripples along which the cracks preferably 
propagate. 
 
Conclusions: 
 
(i) The toe radius does not always dominate fatigue performance, as ripples can 

become local stress raisers. 
 
(ii) If the toe radii are large enough, the stress peak can be shifted to the weld bead; 

the weld re-solidification ripple pattern guides the cracks. 
 
(iii) Welds which fail in the bead show higher fatigue strength than those which fail 

in the toe. 
 
(iv) The toe radius and surface topography can vary along the weld. 
 
(v) The lower toe radius is more critical than the upper toe in this eccentric joint, as 

its shorter distance to the root generally causes higher stress. 
 
(vi)  The surface ripples significantly raise stress, but those in the toe normally cause 

the highest stress, except when the toe radius is small. 
 
(vii) The cracks in this case always started in the weld, not in the HAZ, nor at the 

fusion interface. 
 
(viii) The complex geometrical interactions involved can be explained by a 

theoretical illustration. 
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Paper II: Influence of defects on fatigue crack propagation in laser hybrid welded 
eccentric fillet joint. 
 
Abstract: Fatigue cracking of laser hybrid welded eccentric fillet joints has been 
studied for stainless steel. Two-dimensional linear elastic fracture mechanics analysis 
was carried out for this joint geometry for four point bending load. The numerical 
simulations explain for the experimental observations why the crack propagates from 
the lower weld toe and why the crack gradually bends towards the root. Lack of fusion 
turned out to be uncritical for the initiation of cracks due to its compressive stress 
conditions. The linear elastic fracture mechanics analysis has demonstrated in good 
qualitative agreement with fatigue test results that lack of fusion slightly (<10%) 
reduces the fatigue life by accelerating the crack propagation. For the geometrical 
conditions studied here improved understanding of the crack propagation was obtained 
and in turn illustrated. The elaborated design curves turned out to be above the 
standard recommendations. 
  
Conclusions: 
 
Fatigue crack propagation of a laser hybrid welded eccentric fillet joint has been 
studied for four point bending load conditions using linear elastic fracture mechanics. 
The internal weld defect, lack of fusion, is introduced in the linear elastic fracture 
mechanics analysis, as well as surface weld defects. Fatigue testing is evaluated by the 
nominal stress method. The conclusions are as follows: 
 
(i) In good agreement between simulation and experiments, the crack first 

propagates normal to the local weld surface, preferably at the lower toe, but 
then gradually bends to the root. 

 
(ii) Lack of fusion frequently occurs for this kind of weld, however, is not so 

critical to initiate cracking when under compressive stress from loading. When 
a crack propagates closer to lack of fusion, the interaction increases the stress 
around the crack and accelerates propagation, slightly (<10%) reducing the 
fatigue life for the case studied here. 

 
(iii) Higher slope (m = 3.16) of the S–N curves was obtained for hybrid laser 

welded eccentric fillet joints than the corresponding standard (for gas metal arc 
welding, m = 3) which indicates longer fatigue life of hybrid laser welded 
joints. 

 
Paper III: Generalising fatigue stress analysis of different laser weld geometries. 
  
Abstract: Two-dimensional elastic–plastic finite element analyses was carried out on 
a laser welded box beam in order to study the impact of the geometrical aspects of the 
joint type and weld root on the fatigue stress behaviour. Different experimental and 
hypothetical weld geometries were studied. Characteristic root shapes, measured by 
the plastic replica method, and critical geometrical aspects were classified and then 
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studied by FE-analysis with respect to their impact on the maximum stress. The 
simulation of hypothetical transition geometries facilitated the identification of trends 
and the explanation of part of the phenomena. However, quantitative geometry criteria 
were only partially suitable to describe the relations. The results have shown that the 
combination of throat depth, local surface radius and its opening angle determines the 
peak stress value and its location. Beside extended throat depths, particularly larger toe 
radii and the avoidance of small opening angles and of surface ripples reduces the peak 
stress. The explanations were developed in a generalising manner, accompanied by 
illustrative and flow chart description. 
 
Conclusions: 
 
From the numerical study of the stress field of four laser welding joint geometries and 
manifold similar surface geometries the following conclusions can be drawn: 
 
(i)  The combination of throat depths (anchors), local surface radius (including 

roughness and sharp corners) and its opening angle determines the peak stress 
value and its location, as was shown for a series of joint types and root shapes 
studied. 

 
(ii)  Basic criteria, derived from inverting the above key geometrical properties, 

widely explained the qualitative trends, but only to a limited extent the 
quantitative relations when comparing the stress peaks of different cases; the 
interacting origins are difficult to separate, even in the simulated stress field 
data, except when conducting sensitivity studies. 

 
(iii)  Little surface radii, small opening angles or sharp corners (e.g. at the root or by 

surface ripples) can attract the maximum stress to a different location than the 
minimum throat depth location; large radii and the avoidance of sharp corners, 
of ripples or of small opening angles are highly efficient design guidelines for 
lowering the stress. 
 

(iv)  Illustration of the main geometrical aspects and of the stress distribution is a 
suitable tool for qualitative stress analysis of different joint and surface 
geometries, particularly for the transition between similar kinds; a modified 
flow chart method was developed for formulating and documenting the 
findings, suitable for extension. 

 
Paper IV: Analysis of the rapid central melt pool flow in hybrid laser-arc welding. 
 
Abstract: Hybrid laser arc welding creates a long weld pool tail. By high speed 
imaging the melt velocity behind the keyhole was measured to be very high, of the 
order of meters per second. Fluid dynamics simulation was carried out locally in the 
central axial plane of the pool tail. The high speed melt layer redistributes its 
momentum to slow movement of the deeper bulk. The consequences of initially high 
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melt speed and its mass flow redistribution on the formation of the central 
reinforcement peak are discussed. 
 
Conclusions:  
 
(i) Hybrid laser welding with leading arc tends to undercuts despite excess of 

material from the wire. 
 
(ii) From high speed imaging very high velocity of the melt surface at the 

beginning of the long tail was discovered, rapidly slowing down in two stages. 
 
(iii) The melt speed reached 1.0-2.2 m/s, here a factor 29-61 times the welding 

speed, probably driven by the arc pressure. 
 
(iv) Numerical simulation of the flow field has shown that the mass flow of the 

high-speed-layer rapidly is redistributed to the much thicker melt bulk, 
increasing the bulk velocity above the welding speed. 

 
(v) This trend is different to other high velocity phenomena such as Marangoni 

convection; the behaviour remained similar for different viscosity or top speed. 
 
(vi) We postulate the hypothesis that higher bulk speed elongates the pool and 

delays lateral resolidification, favouring flow to the centre which emphasizes 
the central weld peak and undercuts. 

 
Paper V: Surface pore initiated fatigue failure in laser clad components. 
 
Abstract: A laser clad cylindrical structural steel rod was fatigue tested under four-
point bending load. The resulting fracture could be tracked back to a spherical surface 
pore in the Co-based coating. Due to an oxide inclusion the pore was invisible. Two 
circular buckling strain patterns that were detected beside the pore at the surfaces after 
fracture confirm local plastic deformation prior to crack initiation. In order to calculate 
the stress field around the surface pore, linear elastic finite element analysis was 
carried out. For four-point bending load a surface pore generally exceeds the 
maximum stress of a smooth rod as long as the pore is located within an azimuthal 
angle of  55º, which was the case for the presented as well as for another pore-
initiated sample.  
 
Conclusions: 
 
(i) Experimental evidence in a laser-clad rod has confirmed that close-to-surface 

pores are critical stress raisers initiating fatigue cracking which have a severe 
effect on the fatigue life of structural components. 

 
(ii) For a bending load on a non- rotating cylindrical rod a general critical range of 

azimuthal angles of 55º was calculated, in which close-to-surface pores and 
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inclusions exceed the surface peak stress, as was confirmed by the two fracture 
cases. 

 
(iii) Surface pores filled with oxide inclusions can hardly be detected but are same 

critical as empty pores.  
 
(iv) Circular buckling strain patterns at the top surface around the pore confirm that 

plastic deformation preceded crack initiation; this could be optically monitored 
in operation, as crack announcement alert. 

 
Paper VI: Analysis of the stress raising action of flaws in laser clad deposits. 
 
Abstract: Fatigue cracking of laser clad cylindrical and square section bars depends 
upon a variety of factors. This paper presents Finite Element Analysis (FEA) of the 
different macro stress fields generated as well as stress raisers created by laser 
cladding defects for four different fatigue load conditions. As important as the defect 
types are their locations and orientations, categorized into zero-, one- and two-
dimensional defects. Pores and inclusions become critical close to surfaces. The 
performance of as-clad surfaces can be governed by the sharpness of surface notches 
and planar defects like hot cracks or lack-of-fusion (LOF) are most critical if oriented 
vertically, transverse to the bar axis. The combination of the macro stress field with the 
defect type and its position and orientation determines whether it is the most critical 
stress raiser. Based on calculated cases, quantitative and qualitative charts were 
developed as guidelines to visualize the trends of different combinations. 
 
Conclusions: 
 
The fatigue crack initiation and propagation of laser clad cylindrical and square bars 
depends upon a variety of factors. Based on the experimental results and FE analysis, 
the following conclusions can be drawn: 
 
(i) Fatigue cracking of laser clad bars is initiated from the maximum stress location 

that depends on the macro load conditions plus stress rising from the defect 
with the most critical combination of type, location and orientation. 

 
(ii)  From its surface maximum, the macro stress field strongly decays in the vertical 

direction for bending or torsional loads, while an axial load tends towards 
uniform stress throughout. 

 
(iii)  Laser clad defect types can be characterized as 0D-pores/inclusions, 1D-clad 

waviness or 2D-planar defects. 
 
(iv)  Semi-spherical pores at the clad-substrate interface or spheres in the clad layer 

are the least critical; pores become increasingly critical if just below the surface 
or just intercepting it, strongly raising the stress the shorter this distance is; 
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towards side edges this surface impact contributes once more, which can cause 
the most critical combination. 

 
(v)  The notches from wavy as-laser clad surfaces raise the stress fields – 

particularly for smaller notch radii and angles; a wavy clad-substrate interface 
is a very weak stress raiser; the clad orientation relative to the tensile stress is 
important. 

 
(vi)  Planar inner defects like lack-of-fusion or hot cracks can under load be 

considered as propagating cracks; they accelerate vertically in both directions, 
but faster towards the surface; again the orientation angles are most critical 
normal to the tensile load, i.e. as vertical planes. 

 
(vii)  For maximum fatigue life of laser clad bars the above critical stress raiser 

combinations have to be avoided. 
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8. General conclusions of the thesis 
  
From the papers in this thesis, beside their paper-specific conclusions, the following 
general conclusion can be drawn: 

 High speed imaging enables us to detect detailed and sometimes unexpected 
surface phenomena, for example the high-speed melt flow that controls the 
solidified weld or clad surface shape and thus its fatigue behaviour. 

 Using high speed imaging evidence about the surface melt flow, Computational 
Fluid Dynamics simulation of the melt pool flow can provide additional 
information on the flow field in the volume; this can be essential for 
understanding the solidification at the surface of the welding or cladding process. 

 Fatigue cracking of laser processed components is initiated from the maximum 
stress location - which depends on the macro load conditions plus stress 
concentration from the defect with the most critical combination of type, location 
and orientation. For welding the joint type and the weld surface shape are of 
particular importance while for laser cladding the location of defects is usually 
more essential. 

 Defect types from laser material processing can be characterized as (here so-
called) 0D-pores/inclusions, 1D-waviness or 2D-planar defects.  

 Particularly for bending loads, certain areas can experience compressive stress 
and normally critical geometries and defects then become uncritical, as was 
shown for lack-of-fusion or for root notches. 

 Particularly for asymmetric loads like bending, the location and orientation of 
generated defects in the product determine whether they can initiate fatigue 
cracking; general criteria can be stated, e.g. for azimuthal pore positions. 

 Surface ripples or sharp root shapes can be critical shapes that initiate and even 
guide cracking. 

 Close-to-surface pores are critical stress raisers to initiate fatigue cracking. 

 The fatigue life of welded joints is greatly influenced by the competing stress 
raiser mechanism between toe radii, root radii, weld shape angle and throat depth 
(or weld penetration depth). 

 When comparing different joint types, often several short distances (here called 
anchor lengths) that confine the stress distribution need to be considered; 
moreover only the domains of the weld under tensile load are essential. 

 Internal defects like lack of fusion often have only a minimal impact on fatigue 
cracking; they often do not propagate but merely slightly deviate and accelerate 
cracking in their vicinity. 

 Illustrations of the phenomena and flow chart formulations are suitable new 
methods to generalize, visualize, compare and transfer new findings.     



48 Introduction Md. Minhaj Alam

 

9. Future outlook 
 
Laser welding and cladding are advanced joining and coating technologies for which 
numerous research studies have already been carried out. However, stress analysis of 
laser welded and clad products are unsatisfactory. More and more complex products 
are being invented by designers, including the use of high strength metals, which 
requires proper investigation to achieve the desired mechanical strength. Thus some of 
the future outlook for this work is: 
 

 Three-dimensional analysis by CFD simulation of the hybrid laser arc welding 
process, including most of the parameters, to predict the weld shape formation. 

 
 Additional comparison with already studied weld joint types but improving the 

weld geometry, by the aid of BFC and with different numerical analysis. 
 

 Numerical study of the Elastic Plastic Fracture Mechanics (EPFM) regime 
(typically below 105 cycles). 

 
 Improved understanding of the impact of microscopic surface details on fatigue 

behaviour, particularly by three-dimensional fatigue analysis with a real 3D 
surface texture for complex joints. 

 
 Development of design rules for laser welding, laser hybrid arc welding and 

laser cladding and thus standardised fatigue curves for different load situations. 
 

 Innovation of new techniques which correlate the laser welding and cladding 
process with the fatigue strength by means of controlling the defects for various 
geometries. 

 
 Isolated analysis of the interacting mechanisms contributing to the stress 

formation in order to better judge the origins of stress raisers. 
 
 Improved guidelines for the welding process parameters for how to avoid 

critical weld quality details. 
 

 Improved understanding of the fatigue life of laser cladded components for 
different material combinations. 

 
 Standard SN-curves for specific material combinations of laser cladded 

components. 
 

 Experimental and numerical analysis of residual stress of laser material 
processed components. 

 
 Converging knowledge by improved and more frequent use of standardised, 

generally applicable documentation methods (like the BFC, TFC or illustrative 
methods) for gradually combining and generalising the findings 



Md. Minhaj Alam Introduction 49

 

10. References  
 

[1]  V. Caccese, P.A. Blomquist, K.A. Berube, S.R. Webber, N.J. Orozco, Effect of 
 weld geometric profile on fatigue life of cruciform welds made by 
 laser/GMAW  processes, Mar. Struct. 19 (2006) 1-22. 
 
[2]  A. Hjörnhede, A. Nylund, Adhesion testing of thermally sprayed and laser 
 deposited coatings, Surf. Coat. Technol. 184 (2004) 208-218. 
 
[3]  E. Toyserkani, S. Corbin, A. Khajepour. Laser Cladding. CRC Press (2005). 
 
[4]  W. W. Duley, Laser welding, New York Wiley, ISBN 0.471-24679-4 (1999). 
 
[5]  X. Jin, P. Berger, Th. Graf, Multiple reflections and Fresnel absorption in an 
 actual  3D keyhole during deep penetration laser welding, J. Phys. D: Appl. 
 Phys. 39 (2006) 4703-4712. 
 
[6]  A.F.H. Kaplan, A model of deep penetration laser welding based on calculation 
 of the keyhole profile, J. Phys. D: Appl. Phys. 27 (1994) 1805-1814.  
 
[7]  U. Dilthey, H. Keller, A. Ghandahari, Laser beam welding with filler metal, 
 Steel Research 70 (1999) 198-202. 
 
[8]  J. Matsuda, A. Utsumi, M. Hamasaki, S. Nagata, TIG or MIG arc augmented 
 laser welding of thick mild steel plate, Join. Mater. 1 (1988) 31-34. 
 
[9]  J. Alexander, W. M. Steen, Arc augmented laser welding-process variables, 
 structure and properties, The Joining of Metals: Practice and Performance 
 (2000) 155-160. 
 
[10]  W.M. Steen, M. Eboo, Arc augmented laser welding, Metal Construction, 
 21 (1979) 332-335. 
 
[11]  N. Abe, Y. Agamo, M. Tsukamoto, T. Makino, M. Hayashi, T. Kurosawa, High 
 speed welding of thick plates using a laser-arc combination system, Transactions 
 of JWRI 26 (1997) 69 -75. 
 
[12]  C. Bagger, F. Olsen, Review of laser hybrid welding, J. Laser. Appl. 17 (2005) 

2-14. 
 
[13]  K.H. Magee, V. E. Merchant, C. V. Hyatt, Laser assisted gas metal arc weld 
 characteristics, Proceedings of the Laser Materials Processing-ICALEO 90, 
 Nov 4-9 1990, Boston, MA, USA, LIA (Laser Institute of America), v 71 (1991). 
 



50 Introduction Md. Minhaj Alam

 

[14]  F. Vollertsen, K. Partes, J. Meijer, State of the art of Laser Hardening and 
 Cladding, Proceedings of the Third International WLT-Conference on Lasers in 
 Manufacturing, Munich (2005). 
 
[15]  M. Zhong, W. Liu, Laser surface cladding: the state of the art and challenges, 
 Proc. IMechE Part C: J. Mech. Eng. Sci. 224 (2010) 1041-1060.  
 
[16]  www.thefabricator.com  
 
[17]  J. Powell, P.S. Henry, W.W. Steen, Laser cladding with preplaced powder: 
 Analysis of thermal cycling and dilution effects, Surf. Eng. 4 (1988) 141-149. 
 
[18]  J.M. Yellup, Laser cladding using the powder blowing technique, Surf. Coat. 
 Tech. 71 (1995) 121-128. 
 
[19]  J.D. Kim, Y. Peng, Melt pool shape and dilution of laser cladding with wire 
 feeding, J. Mater. Process. Techn. 104 (2000) 284-293.  
 
[20]  E. Lugscheider, H. Bolender, H. Krappitz, Laser cladding of paste bound 
 hardfacing alloys, Surf. Eng. 7 (1991) 341-344. 
 
[21] C. Miki, K. Homma, T. Tominaga, High strength and high performance steels  
 and their use in bridge structures, J. Constr. Steel Res. 58 (2002) 3-20. 
 
[22] R. Bjorhovde, Development and use of high performance steel, J. Constr. Steel   
 Res. 60 (2004) 393-400. 
 
[23]  T. Dahle, Design fatigue strength of TIG-dressed welded joints in high-strength 
 steels subjected to spectrum loading, Int. J. Fatig. 20 (1998) 677-681. 
 
[24]  K. J.  Kirkhope, R. Bell, L. Caron, R. I. Basu, K. T. Ma, Weld detail fatigue life 
 improvement techniques, Part 1: Review, Mar. Struct. 2 (1999) 447-474. 
 
[25]  K. J.  Kirkhope, R. Bell, L. Caron, R. I. Basu, K. T. Ma, Weld detail fatigue life 
 improvement techniques, Part 2: Application to ship structures, Mar. Struct. 12 
 (1999) 477-496. 
 
[26]  Z. Xiulin, L. Baotong, C. Tianxie, L. Xiaoyan, L. Chao, Fatigue tests and life 

 prediction of 16 Mn steel butt welds without crack-like defect, Int. J. Frac. 
68 (1994) 275-85. 

 
[27]  C.Y. Hou, Fatigue analysis of welded joints with the aid of real three-
 dimensional weld toe geometry, Int. J. Fatig. 29 (2007) 772-785. 
 
[28]  M.D. Chapetti, J.L. Otegui, Importance of toe irregularity for fatigue resistance 
 of automatic welds, Int. J. Fatig. 17 (1995) 531-538. 



Md. Minhaj Alam Introduction 51

 

 
[29]  F. Ellyin, Fatigue damage, crack growth and life prediction, ISBN 0-412-59600 
 8 (1996). 
 
[30]  G. Pettersson, Fatigue assessment of welded structures with non-linear boundary 
 conditions, Licentiate Thesis, Dept. of Aeronautical and Vehicle Engineering, 
 KTH, Sweden, ISBN 91-7283-948-1 (2004). 
 
[31]  D. Radaj, Design and analysis of fatigue resistant welded structures, Abington 
 Publishing, ISBN 1 85573 004 9 (1990).  
 
[32]  J. Samuelsson, Fatigue design of vehicle components: Methodology and 
 applications, report 88-23, Dep. Of Aeronautical Structures and Materials, The 
 Royal Institute of Technology, Stockholm (1998). 
 
[33]  R. LeVeque, Finite Volume Methods for Hyperbolic Problems, 
 Cambridge University Press (2002). 
 
[34]  E.F. Toro, Riemann Solvers and Numerical Methods for Fluid  Dynamics, 

Springer-Verlag (1999). 
 
[35]  M. Geiger, K.-H. Leitz, H. Koch, A. Otto, A 3D transient model of keyhole and 
 melt pool dynamics in laser beam welding applied to the joining of zinc coated 
 sheets, Prod. Eng. Res. Dev. 3 (2009) 27-136. 
 
[36]  C. W. Hirt, B. D. Nichols, Volume of fluid (VOF) method for the dynamics of 
 free boundaries, J. Comput. Phys. 39 (1981) 201-225. 
 
[37]  J. U. Brackbill, D. B. Kothe, C. A. Zemach, A continuum method for modeling 
 surface tension, J. Comput. Phys. 100 (1992) 335-354. 
 
[38]  FLUENT User’s Guide, FLUENT Inc. (2011). 
 
[39]  E. Madenci, I. Guven, The finite element method and applications in 
 Engineering using ANSYS (2006) ISBN 0-387-28289-0. 
 
[40]  H. Remes, Strain-based approach to fatigue strength assessment of laser-
 welded joints, Doctoral dissertation, Department of Mechanical Engineering, 
 Ship Laboratory, Helsinki University of Technology (2008). 
 
[41] C.F. Shih, H.G. Lorenzi, M.D. German, Crack extension modeling with singular 
 quadratic isoparametric elements, Int. J. Fract. 12 (1976) 647-651. 
 
[42]  M.A. Abdulnaser, A.A. Kamal, Finite element simulation of stress intensity 

 factors in elastic-plastic crack growth, J. of Zhejiang University Science A, 
 7 (2006) 1336-1342. 



52 Introduction Md. Minhaj Alam

 

[43] B.D. Fehl, K.Z. Truman, An evaluation of fracture mechanics quarter-point 
 displacement techniques used for computing stress intensity factors, Eng Struct. 
 21 (1999) 406-415.  
 
[44]  T.L. Anderson, Fracture Mechanics: Fundamentals and Applications, 2nd ed. 
 Boca Raton (1994). 
 
[45] G.P. Nikishkov, S.N. Atluri, Calculation of fracture mechanics parameters for an 
 arbitrary three-dimensional crack by the equivalent domain integral method, Int. 
 J. Numer. Meth. Eng. 24 (1987) 1801-1821. 
 
[46]  I.S. Raju, Calculation of strain-energy release rates with higher order and 
 singular finite elements, Eng. Fract. Mech. 28 (1987) 251-274. 
 
[47]  E.F. Rybicki, M.F. Kanninen, A finite element calculation of stress-intensity 
 factors by a modified crack closure integral, Eng. Fract. Mech. 9 (1977) 931-938. 
 
[48]  A. Scialpi, L.A.C. de Filippis, P. Cavaliere, Influence of shoulder geometry on 
 microstructure and mechanical properties of friction stir welded 6082 aluminium 
 alloy, Mater. Des. 28 (2007) 1124-1129. 
 
[49]  Z. Xiang, S.T. Lie, B. Wang, Z. Cen, A simulation of fatigue crack 
 propagation in a welded T-joint using 3D boundary element method, Int. J. 
 Press. Ves. Pip. 80 (2003) 111-120. 
 
[50] S. Glodez, M. Sraml, J. Kramberger, A computational model for determination
 of service life of gears, Int. J. Fatig. 24 (2002) 1013-1020. 
 
[51] T.N. Bittencourt, P.A. Wawrzynek, A.R. Ingraffea, J.L. Sousa, Quasi  automatic 

 simulation of crack propagation for 2D LEFM problems, Eng. Fract. Mech.  55 
(1996) 321–334. 

 
[52] X. Yan, Automated simulation of fatigue crack propagation for two-dimensional 
 linear elastic fracture mechanics problems by boundary element method, Eng. 
 Fract. Mech. 74 (2007) 2639-2641. 
 
[53] F. Erdogan, G.C. Sih, On the crack extension in plates under plane loading and 
 transverse shear, ASME J. Basic. Eng. 85 (1963) 519-527. 
 
[54]  M.A. Hussain, S.U. Pu, J. Underwood, Strain energy release rate for a crack 
 under combined mode I and II, ASTM STP. 560 (1974) 2-28. 
 
[55]  G.C. Sih, Strain-energy-density factor applied to mixed mode crack problems. 
 Int. J. Fract. Mech. 10 (1974) 305-321. 
 



Md. Minhaj Alam Introduction 53

 

[56]  A. Ural, G. Heber, P.A. Wawrzynek, A.R. Ingraffea, D.G. Lewicki, J.B.C Neto, 
 Three dimensional parallel finite element simulation of fatigue crack growth in 
 a spiral  bevel pinion gear, Eng. Fract. Mech. 72 (2005) 1148-1170. 
 
[57] C.A. Rogers, G.J. Hancock, Fracture toughness of G550 sheet steels subjected to 
 tension, J. Constr. Steel Res. 57 (2001) 71-89. 
 
[58]  M. Fulland, M. Sander, G. Kullmer, H.A. Richard, Analysis of fatigue crack 
 propagation in the frame of a hydraulic press, Eng. Fract. Mech. 75 (2008) 892-
 900.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



54 Introduction Md. Minhaj Alam

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Md. Minhaj Alam Review Paper i: Fracture & Fatigue of Welds 55

 

 
ANNEX A 
 
 
 
Review Paper i 
 
 
 
 
 
FATIGUE BEHAVIOUR STUDY OF LASER HYBRID WELDED 
ECCENTRIC FILLET JOINTS – PART II: STATE-OF-THE-ART OF 
FRACTURE MECHANICS AND FATIGUE ANALYSIS OF WELDED 
JOINTS 
 
 
 
 
 
M. M. Alam, A. F. H. Kaplan, P. Jonsén 
 
Proceedings of NOLAMP 12 Conference, Copenhagen,  
Denmark, 24-26 August 2009 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



56 Review Paper i: Fracture & Fatigue of Welds Md. Minhaj Alam

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Md. Minhaj Alam Review Paper i: Fracture & Fatigue of Welds 57

 

FATIGUE BEHAVIOUR STUDY OF LASER HYBRID 
WELDED ECCENTRIC FILLET JOINTS –  
PART II: STATE-OF-THE-ART OF FRACTURE MECHANICS 
AND FATIGUE ANALYSIS OF WELDED JOINTS.  
 
M. M. Alam, A. F. H. Kaplan, P. Jonsén 
 

1) Luleå University of Technology, Dept. of Applied Physics and Mechanical 
Engineering, Sweden, www.ltu.se/tfm/produktion 

   
ABSTRACT 
 

Simplified fatigue and fracture mechanics based assessment methods are widely used 
by the industry to determine the structural integrity significance of postulated cracks, 
manufacturing flaws, service-induced cracking or suspected degradation of 
engineering components under normal and abnormal service loads. In many cases, 
welded joints are the regions most likely to contain original fabrication defects or 
cracks initiating and growing during service operation. The welded joints are a major 
component that is often blamed for causing a structure failure or for being the point at 
which fatigue or fracture problems initiate and propagate. Various mathematical 
models/techniques for various classes of welded joints are developed by analytically or 
by simulation software’s that can be used in fatigue and fracture assessments. This 
literature survey compiled useful information on fracture and fatigue analysis of 
various welded joints. The present review is divided into two major sections- fracture 
mechanics and fatigue analysis with widely used models. A survey table is also 
introduced to get the outlook of research trend on fatigue and fracture over last 3 
decades. Although tremendous research effort has been implemented on fatigue and 
fracture analysis of conventional welding, research on relatively new welding 
technology (laser welding, hybrid laser welding) is still limited and unsatisfactory. In 
order to give guarantee or make welding standard for new welding technology, further 
research is required in the field of fatigue and fracture mechanics including FEM and 
multi-scale modeling. 
 
Keywords: Fracture mechanics, fatigue, welded joints, welding standards, FEM, 
multi-scale modeling.    
 
1. INTRODUCTION 
 
This paper is a literature survey which compiled useful information regarding fracture 
and fatigue analysis of various welded joints. The main objective was on to analyze 
fracture mechanics and fatigue life prediction on hybrid laser welded joints. Since 
hybrid laser welding is a new technology and very few researches have been done on 
this area, this literature survey has to restrict on conventional welding process from 
where fracture and fatigue analysis are shortly presented. Around 550 publications are 
illustrated in [1]. 
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This paper is mainly divided into two major section- fracture mechanics and fatigue 
analysis. In fracture mechanics, a basic study on fracture mechanics is given followed 
by three different approaches on three types welding joints and fatigue analysis section 
is oriented by four fatigue assessment method from where two methods are described 
briefly.  
 
     Nowadays, the trend is to use the welded structures to the maximum of their life 
potential. To achieve this aim, considerable effort should be paid on design of welded 
joints. Weld joints are characterized by differences in mechanical properties produced 
by geometrical, material and metallurgical discontinuities. The heat-affected zone is 
usually a source of failure of welded parts/structures. The quality of welding has 
strong influence on the strength of whole structure beside the welding depth and the 
geometry of the weld surface. The presence of cracks, defects and residual stresses is a 
danger to structure in service.  
 
To determine residual stresses, cracks, defects, there are several approaches based on 
fracture mechanics. Two main approaches are mostly used: Linear Elastic Fracture 
Mechanics (LEFM) and Elastic Plastic Fracture Mechanics (EPFM) [4]. In this 
literature survey, these two approaches have been focused on. 
 
     A material fractures when sufficient stress and work are applied on the atomic level 
to break the bonds that hold atoms together. The bond strength is supplied by the 
attractive forces between atoms. Figure 1 shows schematic plots of the potential 
energy and force versus separation distance between atoms. 
                                                                                                      

 

 
 
 
 
 
 

 

 
Fig. 1: Potential energy and force as a function of atomic separation [4]  

 
The equilibrium spacing occurs where the potential energy is at a minimum. At the 
equilibrium separation, x0, the potential energy is minimized and the attractive and 
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repelling forces are balanced. A tensile force is required to increase the separation 
distance from the equilibrium value; this force must exceed the cohesive force to sever 
the bond completely. 
 
     Fatigue is a mechanism of failure which involves the formation and growth of 
cracks under the action of repeated stresses. Ultimately, a crack may propagate to such 
an extent that total fracture of the member may occur. It is known that the local weld 
geometry, toe angle, toe radius, undercuts and cracks strongly influence the fatigue 
strength. The local geometry affects the local stress concentration and together with 
defects of different types fatigue cracks may form during cyclic loading and lead to 
large scatter in fatigue life [46]. At present, there are two primary approaches used for 
predicting fatigue life, namely, the fracture mechanics approach and the S-N curve 
approach. See Fig. 2. The relationship between these approaches as depicted in Fig. 2. 
 
 

 
 

Fig. 2: Relationship between the characteristics S-N curve and fracture mechanics 
approaches [22] 

 
2. SURVEY OF JOURNALS 
 
Table1. Survey of publications on fracture mechanics and fatigue analysis 
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7 B. Chang China S L  Experimental  Hardness 
distribution 1999 

8 P. Dong USA  L,T T FEM  Structural Stress 2001 

9 El-Sayed USA S S T FEM NA Fatigue life 
estimation 1996 

10 H.F.Henrysson Sweden S S T Coarse FEM  Fatigue life 
prediction 2000 

11 H.Remes Finland L B R Theoretical  Fatigue strength 2003 

12 S.K.Cho S. Korea L T T 
Thermo-
elastic-plastic 
FEM 

AB Fatigue strength 2003 

13 S.J.Maddox UK  C T Fracture 
mechanics  Fatigue cracks 1973 

14 M.S.Alam USA  B T FEM AN 
Simulation-
fatigue crack 
growth 

2004 

15 L.S.Etube UK  U  Statistical  Y correction 
factor 2000 
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16 M.A.Sutton Columbia F B  FEM AN Residual stress 2006 

17 B.Guha India F C R 
Strain Energy  
density 
approach 

 Crack growth 
behavior 1999 

18 P.J.Haagensen Norway T L,T R 
Ultrasonic 
impact 
treatment 

 Introduction of 
fatigue test 1998 

19 T.L.Teng Taiwan T B T Strain based  
Prediction-
fatigue crack 
initiation 

2003 

20 X.Y.Li Finland  T T LEFM  Fatigue strength 2001 

21 Y. Jiang USA    Elastic-Plastic AB 
Crack growth 
rate and crack 
direction. 

2006 

22 V.Caccese USA L C T Conventional 
FEM AN Weld geometric 

profile 2006 

23 Chris Hsu USA L L T Cyclic stress-
strain  Joint stress 

calculation 1991 

24 Z.Barsoum Sweden H C T LEFM AN Fatigue 
assessment 2005 

25 G.Pettersson Sweden    LEFM AN Non-linear 
effects 2004 

26 P.Andersson Sweden  X  
Creep 
ductility-based 
damage 

AB 
Creep crack 
growth 
investigation 

1999 

27 A. Assire France  X  FEM  

Creep crack 
initiation and 
creep growth 
assessments 

2000 

28 Y.C.Hou USA   C J-Integral  Fracture 
parameter 1998 

29 Infante, V Portugal  T T Elastic-Plastic AB Residual Stress 
analysis 2002 

30 J..M. Ferreira Portugal A T,C T, 
M FEM  Fatigue life 

prediction 1994 

31 G.Cam Turkey L B R Experimental  
Mechanical & 
fracture 
properties 

1999 

32 B.Atzori Italy  C T LEFM  Fatigue strength 1998 

33 P.J.Budden UK   C Facture 
mechanics BE Creep crack 

growth 1999 

34 P.C. Wang USA L T  J- Integral AB 
Fracture 
mechanics 
parameter 

1994 

35 C.Maosheng China A B T Fracture 
mechanics  

Crack growth & 
fatigue life 
estimation 

1990 

36 H.P.Lieurade France A B,C T Fracture 
mechanics  Fatigue life 

estimation 1983 

37 J.C. Newman USA    Weight 
function  Stress intensity 

factor  1996 

38 H.J.Schindler Switzerland  T,B R LEFM  Fatigue 
endurance 2006 

39 Chang K.H. Korea A B C Elastic-Plastic  Residual stress 2006 
40 Y.Lei UK   C J- Integral AB Residual stress  2000 

41 H.Y.Lee S.Korea  T,B  LEFM AB Stress intensity 
factor 2005 

42 W.Muller Germany   C  Elastic-Plastic AD Weld material 
properties 1988 
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43 W.Dahl Germany A T C Elastic-Plastic AB Fracture 
mechanics 1986 

44 M. Chiesa Norway A  C J-Integral AB Fracture 
analysis 2000 

45 T. Nykänen Finland  T,B T LEFM FR Fracture 
mechanics study 2005 

 
LEGEND: 
Joint Type      Welding type                Critical Location          Simulation Software 
L : Lap      S : Spot                          T : Toe                          AB : ABAQUS 
T : T            L : Laser                        R : Root                        AN : ANSYS 
S : Spot      F : Friction Stir              C : Crack tip                 BS : BERSAFE 
B : Butt      A : Arc                           M : Mid. of weld           FR : FRANC 2D 
C : Cruciform    T : TIG                                                            NA : NASTRAN 
U: Tubular     H : Hybrid Laser                                        AD : ADINA 
X : Cross Weld    
F : Fillet 
 
 
3. FRACTURE ANALYSIS 
 
3.1 Fundamental knowledge on fracture mechanics 
 
Fracture mechanics is the study of mechanical behaviour of cracked materials 
subjected to an applied load. Crack growth behavior due to fatigue, stress corrosion, 
creep, or some combination thereof can be simulated and predicted with the 
appropriate software and experimental data [49].The fracture mechanics approach has 
three important variables: 
 

 
 

Fig. 3: The fracture mechanics approach 
 
Fracture mechanics can be approached from a number of points of view, including 
energy to cause failure, stress analysis, micro mechanisms of fracture, applications of 
fracture, computational approaches and so on. A simplified table for the analysis of 
fracture mechanics depending on the material properties on fracture shows below: 
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Table 2: Simplified table for the field of fracture mechanics [2] 
 

Category Material 
Property 

Parameter Effective Regime 

Linear Elastic 
Fracture Mechanics 

(LEFM) 

Linear, 
time-

independent 

Stress intensity 
factor(K), 

Energy release 
rate(G)  

Elastic Plastic 
Fracture Mechanics 

Non-linear, 
time-

independent 

J- Integral, 
Crack tip opening 

displacement (CTOD)  
 
3.1.1. Linear elastic fracture mechanics 
 

Linear Elastic Fracture Mechanics (LEFM) first assumes that the material is isotropic 
and linear elastic. Based on the assumption, the stress field near the crack tip is 
calculated using the theory of elasticity. When the stresses near the crack tip exceed 
the material fracture toughness, the crack will grow.  

THE GRIFFITH ENERGY BALANCE 

According to the First Law of Thermodynamics, when a system goes from a non 
equilibrium state to equilibrium, there will be a net decrease in energy. In 1920 
Griffith applied this idea to the formation of a crack. Griffith observed that the strain 
energy in a body is partly released by the propagation of a crack.  At the same time, 
new surfaces are created in the body, which are associated with a certain surface 
energy, which in turn is characteristic for a material. According to Griffith, a necessary 
condition for failure is that the released strain energy, corresponding to a certain crack 
growth, is greater than the consumed surface energy. Griffith considered a plane plate 
of a linear elastic material with a through-thickness crack of length 2a, Fig. 4. The in-
plane dimensions of the plate are much larger than the length of the crack and in the 
theory the plate is assumed to be infinite. The boundary of the plate is subjected to a 
constant and uni-axial stress  perpendicular to the plane of the crack. 

 

Fig. 4: The Griffith crack [4] 
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From the stress state in a plate with an elliptic hole (Inglis, 1913), Griffith determined 
the elastic strain energy U (a) as a function of crack length for a plate with crack: 

E
aUaU

22

0)(                           (1) 

Where U0 is the strain energy in the plate without regard to the crack,  the nominal 
stress in the crack plane and E is Young’s modulus. 

Through crack growth, material close to the newly formed crack surfaces is unloaded 
and the corresponding elastic energy released. The energy released per unit length of 
crack growth at a crack tip, or the crack extension force G, is: 

E
a

da
adUG

22)(
                          (2) 

In the crack propagation process, energy is required to create new crack surfaces and 
for plastic deformation and other dissipative processes adjacent to the new surfaces. 
The energy required per unit crack length is called the critical crack extension force Gc 

The condition for fracture is then G = Gc 

i.e. fracture occurs at a critical value of the crack extension force.  

Thus it can be concluded that failure occurs when the stress, crack length and critical 
crack extension force are related as follows: 

E
aG cc

c

2
                           (3) 

Here c is the nominal, or critical, stress at fracture and ac the critical crack length. 
 

STRESS INTENSITY FACTOR 

While the energy-balance approach provides a great deal of insight to the fracture 
process, an alternative method that examines the stress state near the tip of a sharp 
crack directly has proven more useful in engineering practice. A plane plate with a 
crack can in the general case be loaded in three different ways, in accordance to the 
nominal stress components yy, xy and yz in the plane of the plate. Fig. 5 is shown the 
stress components and the orientation of the coordinates and of the crack. The plane of 
the crack is situated in the xz-plane and the crack front is along the z-axis. 
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Fig. 5: Stress components at a crack tip [4] 

 Along the x-axis and ahead of the crack yy is the normal stress in the plane of the 
crack. This stress component tends to open the crack and the corresponding mode of 
deformation is denoted Mode I. xy is the shear stress in the plane of the plate and 
corresponds to in-plane shear, or Mode II deformation. This stress component tends to 
slide the crack surfaces relative to each other in the plane of the plate. 
 

yz is the shear stress acting perpendicular to the plane of the plate and corresponds to 
transverse shear, or Mode III deformation. In Fig. 6 there different crack tip 
deformation modes are shown: opening, sliding, and tearing: 

                                                              

                          (a)                                          (b)                                            (c)  

Fig. 6: Three basic modes of crack tip deformation (a) mode I-opening; (b) mode II-
sliding;  (c) mode III-tearing [2] 

In practise Mode I is the most important case and therefore only this mode will be 
dealt with further here. For Mode I the asymptotic stress field at the tip of a crack in a 
linear elastic material is given in the following equation. The origin of the coordinates 
is located at the crack tip. x, y, z are Cartesian coordinates and r,  polar coordinates. 
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In the crack plane y = 0, where r = x and =0 ahead of the crack, Eqn. (4) reduces to 
the simpler form: 

0
2

1

xy

yyxx x
K

                          (5) 

  In Eqn. (4) all stress components are proportional to the factor KI, which 
accordingly is denoted the stress intensity factor.  

 By applying a virtual crack extension model Irwin (1957) showed that the energy 
released per unit crack length is: 

E
K

da
dU I

2

                           (6) 

Eqn. (3) and (6) provides a relation G and KI 

E
KG I

2

                           (7) 

From (3) and (7) the stress intensity factor for the Griffith plate is further obtained as  

aK I                            (8) 

In practice the general form of the stress intensity factor is  
 

)(gfaK I                           (9) 
                   
Where f (g) is a dimensionless function which depends on the geometry of the cracked 
body considered. 
 
Expressions for KI  for some additional geometries are given in Table 3. 
 
   Table 3: Stress intensity factor for several common geometry 
 

Type of Crack Stress Intensity Factor, KI 
Edge crack, length a, in a semi-infinite 
plate 

a12.1  

Central penny-shaped crack, radius a, in 
infinite body 

a2  

Center crack, length 2a in plate of width 
W W

aW tan  

2 symmetrical edge cracks, each length 
a, in plate of total width W )2sin(1.0)tan(

W
a

W
aW  
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These stress intensity factors are used in design and analysis by arguing that the 
material can withstand crack tip stresses up to a critical value of stress intensity, 
termed KIc, beyond which the crack propagates rapidly. This critical stress intensity 
factor is then a measure of material toughness. The failure stress f is then related to 
the crack length a and the fracture toughness by 
 

a
K Ic

f                                   (10) 
 

where,  is a geometrical parameter equal to 1 for edge cracks and generally on the 
order of unity for other situations. Expressions for  is tabulated for a wide variety of 
specimen and crack geometries, and specialty finite element methods are available to 
compute it for new situations. 

3.1.2 ELASTIC PLASTIC FRACTURE MECHANICS 

Elastic Plastic Fracture Mechanics (EPFM) assumes isotropic and elastic-plastic 
materials. Based on the assumption, the strain energy fields or opening displacement 
near the crack tips are calculated. When the energy or opening exceeds the critical 
value, the crack will grow. For almost all materials, including steel, the engineering 
stress-strain curve is initially linear, i.e. stress is proportional to strain. A transition to 
non-linear behaviour follows as the material is loaded beyond a limit of 
proportionality, called the yield strength of the material. Within the linear part of the 
stress-strain curve, deformation is purely elastic. If a specimen is unloaded before the 
yield strength was attained, the unloading curve is identical to the loading curve; see 
Fig 7 (a). After unloading, the specimen returns to its original shape, without any 
permanent deformation. 

A material is said to flow when deformed beyond the yield strength. Consider a 
specimen loaded to the point A in Fig. 7(c) and then unloaded. The unloading will not 
follow the loading curve backward, but instead a linear curve with the same slope as 
the initial, elastic curve. The unloading curve is in fact elastic. After unloading a 
permanent or plastic deformation remains in the material [2]. 

                                   
                             (a)                        (b)                       (c) 

Fig. 7: Relationship between LEFM & EPFM (a) linear elastic curve; (b) non-linear 
elastic curve; (c) elastic-plastic curve[2] 

A
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NON LINEAR ENERGY RELEASE RATE  

 In 1956, Irwin proposed an energy approach for fracture. Irwin defined an energy 
release rate, G, which is a measure of the energy available for an increment of crack 
extension: 

dA
dG                                   (11) 

 
where, G is the rate of change in potential energy with crack area. Equation (11) 
defines the energy release rate for linear materials. The same definition holds for 
nonlinear elastic materials except G is replaced by J: 

 
dA
dJ                                   (12) 

where,  is the potential energy and A is crack area. The potential energy is given by  

FU                                     (13) 
 
where, U is the strain energy stored in the body and F is the work done by external 
forces. Considering a cracked plate which exhibits a nonlinear load-displacement 
curve, as illustrated in Fig. 8 

                     

             (a)                     (b)  
Fig. 8: Non-linear energy rate (a) Cracked plate; (b) Load-displacement curve [4] 

In Fig. 8(b), the area under the curve is the strain energy U, and the area above the 
curve, called the complementary strain energy, U*.  

For load control  

= U-P  = -U*                       (14)
       
where, complementary strain energy is defines as 

P

dPU
0

*                                      (15) 
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Thus, if the plate in Fig. 8 (a) is in load control, J is given by  

Pda
dUJ

*

                                  (16) 

If the crack advances at a fixed displacement, F=0 and J is given by  

da
dUJ

*

                                  (17) 

 
According to Fig. 8, dU* for load control differs from –dU for displacement control by 

the amount dPd
2
1 , which vanishingly small compared to dU. Therefore, J for load 

control is equal to J for displacement control. 

J INTEGRAL 

For a two-dimensional body of area, A, with surface traction, Ti prescribed over a 
portion of the bounding surface, , the potential energy of the body is given by 

dsuTWdA i
A

i                                  (18) 

By differentiating Eqn. 18 

J= ds
da
du

T
B

dA
da
dW

BdA
d i

i
A

11                               (19) 

After some manipulations, this equation can be written in the form 

ds
x
uTWdyJ i

i                                 (20) 

where, is arbitrary counter-clockwise path around crack tip as illustrated in Fig. 9. 
W= ijij d  is the strain energy density where ij  is the stress tensor and ij  the strain 
tensor, Ti = ijnj is the stress vector where nj is positive outward unit normal and ui the 
displacement vector and ds an increment of the length along the path.  

J can be evaluated on an arbitrary contour around a crack tip. Because of the property 
of path independence of the integral, it always yields the same value for any path 
enclosing the crack tip. Thus J is called a path-independent integral. 
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Fig. 9: Arbitrary contour around the tip of a crack [4] 

 
3.2 WELDED JOINTS ANALYSIS ON FRACTURE MECHANICS 
 
3.2.1 T-JOINTS (Stress Intensity approach) 
 
In service cracks may form at the weld toe due to the stress concentration there. Such 
cracks tend to be along the line A-A in Fig. 10, i.e. normal to the transverse stress. A 
fracture assessment for such a crack will generally require the linear elastic stress 
intensity factor, K, due to the weld residual stress and any additional primary 
(mechanical) loading [3]. 
 

 
 

Fig. 10: Geometry of T-plate weld [3] 
 
The stress intensity factors for the cracked T-plate have been calculated using linear 
superposition. 



70 Review Paper i: Fracture & Fatigue of Welds Md. Minhaj Alam

 

 
   K(i)  =              K(ii) = 0     -             K(iii)              
  

Fig. 11: Superposition method to determine stress intensity factor [4] 
 

     As illustrated in Fig. 11, to determine the value of K only the stress distribution 
over the crack face is required, i.e., K(i)= -K(iii). For the current problem, the crack 
face loading is simply the measured (or approximated) residual stress at the weld toe. 
The approach taken here is analogous to the weight function method, except for the 
fact that the K value from the crack face loading is obtained directly using a finite 
element analysis, rather than by using a weight function. 
 
FEM Simulation A typical finite element mesh, which contains 13,000 plane strain 
four nodded elements, is illustrated in Fig. 12. 
 

 
 

Fig. 12: Finite element mesh used in stress intensity factor calculation [3] 
 
     The (un-cracked) T-plate is assumed symmetric with weld angle,  = 80°. A crack 
of length, a, is included at the right hand weld toe, as indicated in the inset to Fig. 12, 
thus losing the symmetry of the problem. Because of the very dense mesh near the 
weld toe the element boundaries are not visible in this region of the figure. The 
smallest element size is 0.03 mm. The fracture mechanics parameters J and K can be 
calculated from any FEM software. J is calculated using a standard domain integral 
implementation and K is obtained using an interaction integral approach. The 
advantage of the latter approach is that for mixed mode problems, both the mode I and 
mode II intensity factors, KI and KII, respectively, are calculated. For a mode I linear 
elastic problem K=KI can be evaluated from J using the relationship (for plane strain), 
 

21 v
JEK                                (21) 
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where E and v  are the Young’s modulus and Poisson ratio, respectively [3]. 
 
3.2.2 BUTT JOINT (J-Integral) 
 
A finite element analysis method which can calculate the J-integral for a crack in a 
residual stress field is developed to evaluate the J-integral for a centre crack when 
mechanical stresses were applied in conjunction with residual stresses. In this case, 
double ‘V’ butt joint configuration has been showed for joining the plates in Fig. 13. 
 

 
Fig. 13: Joint configuration [39] 

 
     The J-integral has emerged over the last years as one of the leading parameters to 
characterize crack-propagation in solids. The J-integral derived by Rice was proposed 
as the strain energy release rate at the crack tip in linear or nonlinear solid and written 
as 

 
 

Fig. 14: Typical contour for evaluation of J-integral [40] 
 

ds n 
x
u

W
da
dJ i

j
iji

1
1                               (22) 

 
where  is the potential energy, ij and uj are components stress and displacement in 
Cartesian coordinate respectively,  is a curve surrounding the crack tip which begins 
at the lower face of the crack and ends at the upper one, nj is the unit vector normal to 

 and ds is the path length along  (Fig. 14) and W is the strain energy density and 
defined as 
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ij

m
ijij dW

0

                                                 (23) 

 
The J-Integral in a three-dimensional residual stress field 
 
By applying the divergence theorem to above J-Integral equation and generalizing the 
results for three dimensions subject to in plane displacement yields 
 

 
 

Fig. 15: Volume V formed by St & S2 [40] 
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where,       

111 x
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When initial strain is absent, the second term in the above integral is zero. Otherwise, 

m
ij  is then written as  

 
o
ij

p
ij

e
ij

m
ij                                                          (26) 

 
where, e

ij and p
ij are the total elastic and plastic strains, respectively and o

ij is the 
initial plastic strain. 
 
Inserting Eqn. (25) and (26) into Eqn. (24) lead to a path-independent J-integral 
definition considering residual stress and initial strain as follows: 
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                                   (27) 

and W must be adjusted to account for the initial strain energy density i.e. 
 

initial
Ptotal WWW  

where, initial
PW  is the plastic work done before the initial state [39]. 
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3.2.3 TUBULAR JOINTS (Stress intensity approach) 
 
The accurate evaluation of SIF for surface cracks in tubular joints is a difficult task 
due to complex geometry of the joint and crack configuration.  
 

 
 

Fig. 16: Geometry of Tubular joints [47] 
 

Well established procedures commonly used for evaluating SIF in arbitrary cracked 
bodies are, displacement extrapolation technique, strain energy release rate (SERR) 
method and J-integral method. In this paper, displacement extrapolation technique has 
been used for computing SIF. Bowness and Lee [5] reported an investigation on the 
prediction of SIF in tubular joints for semi-elliptical surface cracks by using 
displacement extrapolation technique. The method uses the elastic displacements in 
the vicinity of the crack front for computing SIF. For the case of plane strain 
conditions at crack front, the displacement fields are expressed as: [4] 
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Mode II:         
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where, KI, KII and KIII are the SIF for Modes I, II and III respectively; G, the shear 
modulus;  , the poissons ratio; and ur , n and wt denote the local radial, normal and 
tangential displacements, respectively, as shown in Fig. 17. The plane stress form of 
these equations is obtained by substituting  by / (1 + )  
 

 
 

Fig. 17: Local axes system at crack front [47] 
 

     Using the displacements near the crack front obtained from FE analysis, the 
corresponding SIF may be calculated by using equations (28)-(30). The SIF for a 
particular radial path are then plotted against the distance from the crack tip. The crack 
front SIF may then be found by extrapolating the linear part of the distribution back to 
the crack front. In order to apply the displacement extrapolation technique to a doubly 
curved crack in a tubular joint, the local radial, normal and tangential directions must 
be defined for each point on the crack front. This is achieved by first calculating the 
vectors defining the local directions, which is quite straightforward as the crack is 
planar and lies in one of the global planes. The radial direction is calculated from the 
co-ordinates of the nodes on the radial paths along the crack front. The tangential 
direction is determined from the derivative of the equation defining the elliptical crack 
front. The two vectors defining these directions are then mapped to vectors defining 
the local radial and tangential directions for the doubly curved weld toe crack. The 
third vector in the normal direction is then generated from a cross product of the other 
two. Having determined these local directions, the global displacements from the FE 
analysis may then be transformed into local displacements as: 
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where X , Y and Z are the global displacements and l1, m1, n1 etc. are the direction 
cosines of the local directions with respect to the global axes X, Y and Z. To evaluate 
SIF, the largest displacement in the vicinity of the crack, obtained from the radial paths 
up the crack front, i.e. q = ±180° is generally chosen [48]. 
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4. FATIGUE ANALYSIS 
 
4.1 FUNDAMENTAL KNOWLEDGE ON FATIGUE ANALYSIS 

Fatigue is the progressive and localized structural damage that occurs when a material 
is subjected to cyclic loading. The maximum stress values are less than the ultimate 
tensile stress limit, and may be below the yield stress limit of the material. Failure of a 
material due to fatigue may be viewed on a microscopic level in three steps:  

1. Crack Initiation - The initial crack occurs in this stage. The crack may be 
caused by surface scratches caused by handling, or tooling of the material; 
threads (as in a screw or bolt); slip bands or dislocations intersecting the surface 
as a result of previous cyclic loading or work hardening.  

2. Crack Propagation - The crack continues to grow during this stage as a result 
of continuously applied stresses  

3. Failure - Failure occurs when the material that has not been affected by the 
crack cannot withstand the applied stress. This stage happens very quickly.  

 
 

Fig. 18: Crack propagation due to fatigue [52] 
 

The Fig. 18 illustrates the various ways in which cracks are initiated and the stages 
that occur after they start. This is extremely important since these cracks will 
ultimately lead to failure of the material if not detected and recognized. The material 
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shown is pulled in tension with a cyclic stress in the y, or horizontal direction. Cracks 
can be initiated by several different causes. There are several methods for fatigue 
assessment which are frequently used in fatigue life prediction or fatigue crack 
propagation of welded structures and components. They can be divided as global 
approaches- Nominal and Geometric Stress Method and local approaches-Effective 
Notch Stress Method and LEFM (Linear Elastic Fracture Mechanics) [24]. All these 
methods are described briefly in this paper: 
 
4.1.1 NOMINAL STRESS  
 
Nominal stress can, in simple cases, be calculated analytically using elementary 
theories of structural mechanics, based on linear-elastic behavior. In general the simple 
formula can be used: 
 

W
M

M
F

nom                                  (31) 

 
4.1.2 GEOMETRIC STRESS 
 
The geometric stress (Fig. 19) incorporates all the stress raising effects on a structural 
detail, with the exception of stress concentration originating from the weld itself. In 
fatigue calculation, the geometric stress must be determined in the critical direction 
and location on the welded joint. The approach is not appropriate for joints where the 
crack would develop from the root of the weld or from an internal defect. Geometric 
stress is calculated by taking the stress provided by the finite element analysis or 
calculated from the deformation measured by gauges at specified distances from the 
bead toe, as shown in Fig. 19b. The geometric stress at the bead toe is extrapolated 
from the values obtained at the measuring points using a two- or three-point formula, 
in accordance with the following equations: 
 

tttHS

ttHS

4.19.04.0

0.14.0

72.024.252.2
67.067.1

                              (32) 

 

 

 
                                     (a)                                       (b) 
             Fig. 19: Definition of geometric stress (a) and extrapolation points (b) [25] 
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4.1.3 EFFECTIVE NOTCH STRESS METHOD 
 
The effective notch stress is the maximum stress measured at the notch, corresponding 
to a radius of 1 mm, as shown in Fig. 20, assuming linear elastic behaviour in the 
material. One essential benefit of this method is that the notch stress is independent of 
the geometry, so that a common fatigue strength curve can be used.  
 

 
 

Fig. 20: Principle of applying 1 mm notch radius at the bead toe and root [25] 
 

4.1.4 LINEAR ELASTIC FRACTURE MECHANICS 
 
The basic procedure of fracture mechanics used for fatigue crack propagation based on 
the following two equations: 
 

- fatigue crack growth equation, da/dN (in m/cycle) 
 

mKC
dN
da                                  (33) 

 
- stress intensity factor range, K (in MPa m) 

aaFK )(                                 (34) 
 
where, a= initial crack size in the direction of the crack growth, C, m = material 
constant,  = applied nominal stress, F(a) = correction factor for the stress intensity 
factor. 

     In the literature some engineering values for initial crack sizes in welds in steel can 
be found. Radaj (50) give the value a = 0.1-0.5 mm for a line crack and for a semi 
elliptical crack, he give a/c = 0.1-0.5 for the depth/width ratio. In a literature survey by 
Samuelsson (51) the following typical flaw sizes were found for use in conjunction 
with welds. At the surface, welding causes defects with depths from 0.01 to 0.05 mm.   

When the applied stress range, , is constant during crack propagation, fatigue crack 
growth equation can be written as follows  
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                                             (35) 

 
Then, the fatigue crack propagation life, Np, from and initial crack size ai to a final 
crack size af  can be computed as follows: 
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                                                  (36) 

 
The stress intensity factor range, K, for a crack initiating at the weld toe may 
conveniently express as follows: 

aFFFFK TGES ....                                 (37) 
 
where, FS = correction factor for free surface, FE = correction factor for crack shape, 
FG = geometry correction factor accounting for the effect of stress concentration due to 
geometrical discontinuity, FT = correction factor for finite thickness or finite width. 
[46]. 

 4.2 WELDED JOINTS ANALYSIS BASED ON FATIGUE ANALYSIS 
 
4.2.1 BUTT JOINT (Theoretical Model) 
 
The process of the fatigue failure in the welded joints can be divided into two main 
periods: micro cracks nucleation, growth and coalescence (stage I fatigue crack) and 
macro crack propagation to a length, which causes fracture (stage II fatigue crack). 
The boundaries of the periods are poorly defined, but it is useful to think that the total 
fatigue life NF consist of macro crack initiation period NI and macro crack propagation 
period NP: 
 
NF = NI + NP                                  (38) 
 
Macro crack initiation S-NI curve can be now written on the basis of the fatigue 
strength on N=500 load cycles 500 and fatigue strength on N=2·106 load cycles E: 
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where, S is nominal stress range. The slope of S-NI curve mI is 
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The material fatigue strength, 500 and E can be estimated using Basquin-Morrow 
equation: 
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where m is the mean stress, f is fatigue-strength coefficient and b is fatigue-strength 
exponent. The fatigue strength parameters can be determined most accurately by 
experimental testing. The testing of a narrow HAZ zones is very difficult or 
impossible. Alternative, the fatigue strength parameters can be estimated from the 
material tensile properties or hardness values. Lawrence et al. (1981) purposed the 
Brinell hardness based estimation for steel with hardness between 150 HB and 
700 HB: 
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                                (42) 

 
The relationship between the Brinell hardness HB and Vickers hardness HV can be 
carried out using the conversion table from Metals handbook (Boyer and Gall, 1985): 
 

994.098.0 HVHB                                  (43) 
 
A reduction of fatigue strength by notch i.e. fatigue notch factor can be calculated 
using Peterson’s equation: 
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where, Kt is elastic stress concentration factor,  is notch root radius and ap is 
Peterson’s material parameter relating to the material ultimate strength (Peterson, 
1974). The notch radius is determined so that Kf gets the maximum value using 
analytical formulations developed for butt welds (Anthes et al., 1994). The ultimate 
strength for a narrow HAZ is estimated from material hardness value HV (Boyer and 
Gall, 1985). 
 
 Hardness based estimation for steel is: 
 

340HV       25074.3 HVSu                                (45) 
 
     The advantage of the approach is that S-N curve for macro crack initiation can be 
calculated from the material hardness at the macro crack initiation point i.e. weld root 
or toe. 
 
Macro crack propagation period is calculated using the Paris Law and the propagation 
equation by Forman et al. (1967): 



80 Review Paper i: Fracture & Fatigue of Welds Md. Minhaj Alam

 

da
KC
RN c

i

a

a nP
1                                   (46) 

 
where, K is the stress intensity factor, ai is the initiated crack size, ac critical crack 
length and C, n are material constants. 
 

 
 

Fig. 21: Schematic presentation for determination of S-NI curve for notched 
component [11] 
 
4.2.2 LAP JOINT (Static Stress and Local Stress-Strain Analysis) 
 
Static Stress Analysis 
 
An idealized lap joint configuration is employed in the analysis (Fig. 22). The overlap 
length (2c), the sheet thickness (t), and the interlayer gap width (n) are the three 
essential geometric variables. The local stresses at the sheet-to-sheet interface are 
assumed to be in a state of plane strain because the sheet width is very large compared 
to either the sheet thickness or the gap width. 
 
     In order to analyse the stresses at the lap joint interface, it is necessary to determine 
the loading that must be transmitted through the joint. These loads consist of a tension, 
T, a moment, M0, and a shearing force, V0, each per unit of joint width (Fig. 22). 
 
     The critical location for failure initiation is most often at the edge of the interlayer. 
Thus employing the Von Mises distortion energy criterion to give a combined stress 
parameter, J, given by: 
 
J= ( 2

y + 2
xy)1/2                                 (47) 

 
     The failure stress concentration, J/P (P being the normal stress in the sheet away 
from the joint) is thus considered to be the theoretical stress concentration factor 
(TSCF), Kt. 
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Fig. 22: Loads and symbol definition of joint: A-Joint dimensions and end load, B- 
Resolved loads and stresses at joint ends and mid plate [23] 
 
Local Stress-Strain Analysis 
 
     During fatigue testing the local stress amplitude at the joint interface is higher than 
the stress in the sheet away from the joint due to stress concentration effects. 
Conventionally the nominal stress in the sheet is plotted against cycles to failure in 
developing S-N curves. Local stress concentrations thus decrease the observed fatigue 
strength. The stress concentration is so severe with welded lap joints that the observed 
fatigue strength is very low using this technique. 
 
     The concept of local stress-strain behaviour has been developed to account for 
geometric stress concentration effects. 
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where, a = local stress amplitude, E = Young’s Modulus, f = fatigue strength co-
efficient, n  = fatigue strain hardening exponent, Sa = nominal stress amplitude, 
Kt = theoretical concentration factor.  
 
     Combining above two equations allows one to calculate a stress or a stress 
concentration under static loading at the critical location at the edge of the layer 
between sheets, and then to modify this stress level for fatigue loading conditions. The 
combined model thus provides a prediction of welded lap joint behaviour from smooth 
sheet fatigue data [23]. 
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5. MULTI-SCALE MODELLING 
 
In every day engineering, many failures are due to the pre-existence of various types 
of defects in the material’s micro-scale [53]. The propagation and coalescence of 
micro cracks, micro voids and similar defects in the micro-scale leads eventually to the 
complete rapture of the component [54]. One of the principal objectives of 
micro/nanomechanics of materials is to account for the observed phenomena and 
properties of macroscopic solid bodies, such as strength and fracture toughness of 
metals, on the basis of the quantum mechanical theory of the behaviour of atomic 
particles. Success will have been achieved when it becomes possible to calculate the 
quantities that describe the constitution of materials and their response to alterations of 
macroscopic mechanical boundary conditions from the knowledge of the component 
elements and their hierarchical structures from atomistic-electronic scales to micro- 
and macro scales [55]. Therefore, it is seen that there is a need for modelling materials 
in different scales and actually monitoring their behaviour simultaneously. 
 
5.1 Multi-scale approaches 
 
A series of different multi-scale approaches have been established, however only some 
of them for high strength steel. Multi-scale approaches introduced modelling at the 
mesoscale, like the Cellular Automation model or the Monte Carlo Potts model. These 
approaches are particularly suitable for welding and hot forming processes, as they 
consider the recrystallization process by adding small embryos with new 
re-orientation, provided the local net energy is reduced [56]. As an alternative to FEA, 
the Boundary Element Method is meanwhile established for multi-scale modelling, 
particularly for fracture problems, as it reduces the dimensionality and thus the 
computation time/storage. E.g. for Al2O3-cracking a multi-scale model was developed 
[55] by employing a fully frictional contact analysis (contacting, sliding, sticking, 
separation) at the grain scale, allowing at the macro-scale for multiple intergranular 
crack initiation and propagation under mixed-mode failure conditions, Fig. 23.  
 

               
 
Fig. 23: Multi-scale model for crack propagation: stress formation in the macro scale 
(upper left), average properties mesoscale (right), RVE grain scale (lower left) [55] 
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5.1.1 Macro continuum scale 
 
Finite Element simulation of the stress formation and the strain response of a weld 
under load conditions is a common method often applied at the macro continuum 
scale. The difficulties are meshing at locations with small dimensions/curvatures or 
strong deformations. Moreover, valid material properties are needed, often by 
empirically identified material models. For single phase metals the stress-strain curve 
is often developed by an empirical model based on the chemical composition, while 
modelling of the physics is based on the density of dislocations and mobility of the 
grain boundaries. 
 
     However, for multi phase materials like high strength steels (DP, TRIP) and for the 
different zones of a weld the identification is difficult as the micro polycrystal 
structure is heterogeneous, which demands for modelling of the material properties at 
one or several micro-scale levels.  
 
5.1.2 Microstructure and RVE-scale 
 
A recently often applied method for modelling the formability at the micro-scale is the 
Representative Volume Element (RVE) method for solving the crystal plasticity 
constitutive equations. The RVE can be determined by SEM-EBSD measurement. 
Fig. 24 shows the different phases of an RVE model 
 

  
 
Fig. 24: Four phases (ferrite, bainite, retain austenite, martensite) of the RVE (cube 
size e.g. of the order of 100 m) of a TRIP steel 
 
Many RVE models have been developed, but they suffer from lack of describing the 
grain location, size or orientation accurately in 3D space, due to the strong interaction 
with adjacent grains to be considered.  
 
5.1.3 Crystallic/atomic scale 
 
Both, plastic deformation and fracture have their origin at the atomic scale. While 
deformation is caused by the propagation of dislocations (atomistic sliding), governed 
by the Rice criterion, during fracture of a crystal atomic aggregates are split into two 
parts, as can be calculated by a universal relation for the binding energy leading to a 
newly created surface energy. The imperfections of real crystals have to be taken into 
account, such as impurity or interstitial atoms, vacant lattice site and dislocations. 
Calculation of these lattice-particle interactions at the atomic level is complicated, but 
essential for understanding and control of separation or dislocation propagation, as it is 
the key for setting goals for the development of advanced high strength steel types. 



84 Review Paper i: Fracture & Fatigue of Welds Md. Minhaj Alam

 

6. WELDING STANDARD 
 
Welding standard in Hybrid laser welding is not prepared yet by any international 
organization. The available welding standards are ISO 5817 (Welding-Fusion welded 
joints in steel, nickel, titanium and their alloys-Quality levels of imperfections), ISO 
9692-1 (Welding and allied processes- recommendations for joint preparation, BS EN 
ISO 6520-2 (Welding and allied processes- Classification of geometric imperfections 
in metallic materials - Welding with pressure) etc. Therefore separate standards, based 
on existing welding standards, have to be prepared.  
 
7. CONCLUSIONS 
 

 Finite element modelling is a powerful method for calculating fracture and 
fatigue of welded joints.  

 ANSYS and ABAQUS are widely accepted commercial simulation software. 
 Stress intensity factor (K) is one of the most important parameter in fracture 

mechanics for the mathematical model of welded joints. 
 Recent trends of fracture research include dynamic and time-dependent fracture 

on nonlinear materials, fracture mechanics of microstructures, and models 
related to local, global, and geometry-dependent fractures.     

 LEFM is capable to describe crack growth and crack propagation in welded 
structures in a physically correct way. 

 An engineering value of initial crack size at weld toe would be 0.1 mm. 
 From the publication survey, it can be said that the critical weld location is at 

the toe for different joint. 
 More research effort is required on hybrid laser welded joints. 
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Abstract 
 
The laser cladding process can generate various types of defects. Crack initiation and 
propagation from these defects is likely to occur under fatigue loading. This paper 
presents a literature survey of the effects of various defects on the fatigue behaviour of 
laser clad components. Due to the similarity of many defect types, welding and casting 
defects are also considered in this paper. Finite Element Analysis (FEA) of different 
macro stress fields generated as well as stress raisers created by laser cladding defects 
under different fatigue load conditions are discussed. Comprehensive studies of the 
fatigue analysis of laser clad components considering local defects combined with 
Finite Elements Analysis are still unsatisfactory. In order to give clear understanding 
of the effects of defects on fatigue behaviour of laser clad components, more research 
is required.    
 
Keywords: laser cladding; defects; fatigue; crack. 
 
1. Introduction 
 
In this literature survey, the information about fatigue behaviour of laser clad 
components due to several kinds of defects is reported. To date, very little research has 
been carried out on defect and fatigue analysis of laser clad components. Therefore, 
effects on fatigue life due to welding and casting defects are also mentioned in this 
survey because of the similarity of the defect types. 
  
Laser cladding is a versatile technique which consists in the overlay of one alloy with 
another, creating a sound metallurgical bond between them in order to assure good 
adherence and favorable mechanical properties, achieving low values of porosity and 
dilution which degrade the special properties of the covering alloy [1]. Both the 
adherence of the coating and the tribological behaviour are superior to the ones 
obtained by other techniques such as Atmospheric Plasma Spraying (APS) or High 
Velocity Oxy-Fuel (HVOF) [2]. Laser cladding has a high potential and experiences 
growing industrial interest. It is increasingly used for the deposition of protective 
coatings and for the refurbishment of worn off tools and valuable components [3], 
especially in the aerospace, energy and automotive industries. Turbine blades, engines, 
dies, molds, axles, valve seats etc. are examples of usually expensive components 
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repaired or coated by this technique. Main functions of laser clad layers are reduction 
of wear, enhancement of friction or better corrosion resistance. 
  
During the laser cladding process, a number of defects can be formed similar to 
welding and casting defects. The cladding process can generate defects such as lack-
of-fusion, hot cracks, pores or inclusions, both at the layer-substrate interface and 
inside the clad layer, and particularly at the interfaces of overlapping layers. Moreover, 
in the as-clad components, the wavy surface with sharp notches, low side-bead angles 
and surface ripples from overlapping clads creates a rough surface that generates stress 
peaks during fatigue loading conditions which can initiate cracking [4]. Pore and void 
defects can be divided into three categories: inter-track, inter-layer and intra layer 
defects [5]. Inter-track porosity is caused by the horizontally aligned or offset tracks of 
incompatible aspect ratios. It forms near the base of deposited tracks [1]. Inter-layer 
lack-of-fusion porosity is caused by incomplete bonding between vertically aligned 
deposits [6]. Intra-layer porosity is often a spherical area of porosity within a layer. It 
is most commonly attributed to small amounts of trapped gas or oxide between the 
powder particles [7], but a study of laser welding indicated that it can also be caused 
by the presence of moisture in industrial-grade shroud gases [8]. The effect of pores 
and voids and their location on fatigue crack initiation and propagation has been 
analysed experimentally and numerically by several researchers. Tensile testing to 
examine the fatigue mechanism [9-12] showed that crack initiation occurs at pores or 
pore clusters located on or beneath the surfaces. A good survey about classification of 
welding defects that is similar to clad defects can be found in [13]. Another literature 
survey can be found where fatigue life due to welding defects is illustrated [14]. 
Around 550 publications are mentioned in [15] related to Finite Element (FE) 
modelling of welding and of fatigue life of welded joints. Recently Murakami [16] 
describes the effects of material defects on fatigue life.   
 
2. Laser cladding defects 
 
A large variety of operating parameters and physical phenomena determine the quality 
of laser cladding. The quality of cladding represents various types of imperfections 
like cracks, porosity, lack of fusion, surface roughness, distortion and dilution [17]. 
The mentioned imperfections are described below. 
 
2.1 Porosity 
 
Porosity is a defect formed by interfacial reactions, which causes a decrease in the 
mechanical properties. In metallographic studies, pores are classified into four types: 
round pores, long and broad pores, long and fissured pores, and small fissured pores 
[18]. Table 1 indicates the development and characteristics of the pores formed in the 
casting. Porosity in the clad has many origins. Fine porosity is a result of degassing as 
the clad solidifies. Coarse porosity is dependent on the geometry of solidification of 
the clad-outer regions first, enclosing pockets of gas in the centre. Figure 1 shows a 
fine spherical pore in the clad layer [19]. The interface between the clad and the 
substrate is also a source for porosity, caused by contamination of the substrate 
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surface, which influences the wetting ability of the molten clad processing zone, it can 
result in vaporization of volatile organic compounds. 
 
Table 1: Four different types of pores, their development and characterization in 
solidifying casting for the case Al-7Si-Mg [18] 
 

 
 

 
             

Fig. 1: Porosity due to the laser cladding process [19] 
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2.2 Cracking 
 
Cracking in the solidified clad layer is a common problem because certain alloy 
additions solidify to produce a coating of high hardness, often containing hard 
particles that act as stress raisers. Cracks originate from thermal stresses that develop 
because of the high thermal gradients present during cooling, see Fig. 2 [20]. 
Differential thermal expansion of the solidified clad and of the substrate can also 
causes cracking, as well as delamination of the clad from the substrate. 
 

 
 

Fig. 2: Crack morphology of Ni-based WC composite coatings by conventional laser 
cladding, processing speed 720 mm/min [20] 

 
2.3 Lack of fusion 
 
Crevices caused by lack of fusion are often observed at the toes of adjacent 
overlapping clads, particularly when the aspect ratio of the clad section 
(thickness/width) is high, which can be seen in Fig. 3. A reduction in the powder 
feeding rate and in the rate of traversing of the workpiece enables molten clad material 
to flow into discontinuities to form an overlap region of high integrity. 

 

 
 

Fig. 3: Lack of fusion at clad-substrate interface 
 
2.4 Surface geometry 
 
Surface roughness plays an important role for the fatigue life of the laser clad 
components. The overlapping wavy as-clad surface acts as a notch, see Fig. 4, 
described by its opening angle and bead radius, causing a stress field around the notch. 
The long notch can experience very different stress levels from the macro field. The 
stress concentration factor can be strongly modulated by the notch angle and radius. 
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Fig. 4: As clad specimen containing very sharp notches and large notch angle 
 

2.5 Distortion 
 
Stress including residual stress, is created in the substrate during cladding. The stress 
may result in distortion of the substrate in various planes which increases the amount 
of post-process reworking required to meet dimensional tolerances.  
 
2.6 Dilution  
 
One of the properties of the clad layer is called dilution. Dilution has two definitions: 
geometrical and metallurgical. The main geometrical dimensions of a laser clad cross 
section are illustrated in Fig. 5. According to the specified dimensions in the figure, 
the dilution is    
 

bh
b             (1) 

 
where b is the thickness of the substrate that was only melted during the cladding 
process, and h is the height of the clad bead. Small amount of the substrate must be 
melted in order to form a strong metallurgical bond which used to be achieved in a 
wide operating window [21]. However, molten substrate mixes with molten clad by 
convection, effectively diluting the composition of the clad. Dilution of about 5 % is 
sought in laser cladding. 
 

 
 

Fig. 5: A typical cross section of a laser clad bead, including important dimensions [3] 
 



98 Review Paper ii: Fatigue in Clad Layers Md. Minhaj Alam

 

3. Fatigue analysis of laser clad components 
 
Surprisingly, very few investigations are published about the influence of cladding on 
fatigue properties of components. Depending on the material combination and process 
parameters applied, it seems that the fatigue properties of laser cladding can degrade 
but also be improved. H. Koehler et al. [22] presented an approach to calculate fatigue 
properties of laser clad components. They have tested two types of substrate which are 
42CrMo4 and X5CrNi18-10, clad by Stellite 21. According to their findings, laser 
cladding of Stellite 21 on steel 42CrMo4 and steel X5CrNi18-10 with the selected 
process parameters generally decreases the fatigue strength. Even fatigue limits vary 
for different substrates. Figure 6 shows that at both stress ratios the fatigue limits of 
the X5CrNi18-10 specimens are superior to the fatigue limits of the 42CrMo4 
specimens.    
 

 
 

Fig. 6: Haigh diagram of steels X5CrNi19-10 and 42CrMo4 coated with 
Stellite 21 [22] 
 
In another publication by H. Koehler et al. [23], it is again confirmed that laser 
cladding led to a strong decrease in fatigue strength. A new approach has been 
proposed by Koehler to calculate the fatigue strength of a crank shaft, which is shown 
in Fig. 7.  
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Fig. 7: Approach to describe the influence of different load situations and parameters 
on the fatigue strength of a crankshaft [23]  
 
Another investigation by Liu et al. [24] to repair damaged aircraft components by laser 
cladding techniques shows much lower fatigue life of cladded components than that of 
the substrate. The lower fatigue life is thought to be due to a weak interface between 
the clad and substrate.  
 
A study on fracture behaviour of laser-clad joints of Stellite 21 on AISI 316L Stainless 
Steel (SS) was conducted by Ganesh et al. [25]. The study has been broadly performed 
on two kinds of laser-clad specimens (i) involving direct deposition of Stellite 21 on 
SS (direct) and (ii) involving gradients in the chemical composition across the 
substrate/clad interface (graded). Both “direct” and “graded” interfaces of laser-clad 
specimens exhibited superior fatigue strength (in the investigated stress range of 200–
300 MPa) than a type 316L SS substrate, as fatigue crack nucleation in all the 
composite specimens took place in the substrate. This phenomenon is also confirmed 
in [26]. The fatigue life of cladded specimen did not shorten since global cracks 
always develop in the substrate. Fatigue crack growth and fracture toughness 
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characteristics of laser rapid manufactured (LRMed) Inconel 625 were investigated in 
[27]. Fatigue crack growth rates in the LRMed specimens were lower than the reported 
values for wrought Inconel 625 in the K range of 14-24 MPa m. Above this range 
they tended to coincide, see Fig. 8. Fatigue properties of laser clad components can be 
increased also by adding some alloy materials. Niederhauser proved that laser cladding 
of Stellite 21 on non-alloyed steel with 0.5% Carbon can lead to improved fatigue 
properties [28].  

 
 

Fig. 8: Comparison of fatigue crack growth rate data obtained from laser manufactured 
Inconel 625 CT specimens with that reported in literature and simulated data [27] 
 
4.  Analysis of laser cladding defects as stress raisers 
 
Although laser cladding is used to improve the functional surface properties or to 
refurbish worn-out parts, it has some essential drawbacks. During the laser cladding 
process, various kinds of defects can be formed which may acts as stress raisers. The 
types of defects in laser cladding are similar to laser welding or casting defects. Thus 
in this chapter laser welding or casting defects are also mentioned. Stress raising due 
to local defects during fatigue load is discussed in this chapter based on experimental 
observations and mathematical modelling. 
 
4.1 Porosity as stress raiser 
 
The effect of pores and voids and their location on fatigue crack initiation and 
propagation has been analysed experimentally and numerically by several researchers. 
Many authors [29-32] confirm that pores or pore clusters located on or beneath the 
surface initiate cracks during fatigue loading. The investigation of Saskia et al. [33] for 
welded samples shows that fatigue crack initiation always takes place at pores, see 
Fig. 9(a). The size of the pores that is typically 150 m in diameter. These pores are 
introduced by the welding of the alloy and they can have come to the surface due to 
the grinding process. Therefore also the larger pores, that were at first well within the 
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reinforcement zone can have their influence on the initiation of fatigue cracks. 
Sometimes also initiation takes place at pores that are situated just beneath the surface; 
see Fig. 9(b). 
 

 
      (a)          (b) 

 
Fig. 9: Fatigue crack initiation of welded samples occurs at pores that are located both 
(a) at the surface, as well as (b) sub-surface [33] 
 
Another study by Osamuo et al. [34] also confirms the above phenomena. They 
performed fatigue test on die cast alloy. While investigating the fracture surface, it was 
found that most of the cracks initiated from one or several pores at or near the 
machined surface, which can be seen in Fig. 10. 

 

 
 

Fig. 10 Fatigue crack initiation from (a) pores at or near the surface (b) clusters of 
pores [34] 
 
The location of pores or inclusions is a vital factor for crack initiation. The stress 
concentration factor increases as the pore reaches the surface. Borbély et al. [35] 
studied the location of a spherical pore by Finite Element Analysis (FEA). Borbérly 
shows numerically that pore just buried beneath the surface is key stress raiser, shown 
in Fig. 11 for different surface distances d, for given pore radius r. This analysis is also 
confirmed by several researchers [36, 37]. Li et al. [38] performed FEA on the pore 
position which indicated that stress/strain concentrations reached their peak when a 
pore of 200 μm in diameter was just buried beneath the surface. Fan et al. [39] studied 
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by FEA the plastic shear strain range as a function of the distance of a pore from the 
surface. They found that the plastic shear strain range increased significantly as the 
pore approached the free surface, particularly when the pore reaches the surface, until 
a plastic limit is reached.     
 

 
(a)           (b) 

 
Fig. 11: Examples of results of FE-analysis of equivalent plastic strains in the vicinity 
of a near-surface cavity; (a) for values of r/(r + d), (b) normalized values of stress 
component max

zz  as a function of the relative surface distance [35] 
 
Recent studies by Xu et al. [40] also confirmed numerically that pores even smaller 
than 200 μm, buried just beneath the surface or intersecting with their top half at the 
free surface, are equally critical for fatigue crack initiation, see Fig. 12. They have 
concluded that the pore size only increased the zone of high stress/strain concentration 
around the pore at the surface but it did not affect the maximum stress involved.  

  
(a)       (b)       (c) 
 
Fig. 12: Distribution of the stress concentration factor: (a) for a pore intercepting the 
surface in the middle D/r = 0, (b) for a pore at D/r = 0.9, (c) as a function of the pore 
position in depth D, which is normalized by the pore radius r [40] 
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Many other researchers have used X-ray Computer Tomography (CT) to visualize and 
track the fatigue crack initiation pores [34] and to quantify the stress concentration 
around those pores by image based FE methods [41-42]. Marrow et al. [43] performed 
in situ X-ray synchrotron radiation on fatigue specimen to observe the early stage of 
fatigue crack nucleation and suggested that large pores act as notches to concentrate 
stress on smaller pores which leads to crack initiation. In a study by Toda et al. [44], 
the relationship between fatigue crack initiation and micro pores has been investigated 
using high-resolution X-ray micro-tomography, see Fig. 13, combined with two kinds 
of statistical analysis. It has been revealed that consideration of micro pore pairs is 
necessary. A number of parameters for paired micro pores that may be strongly 
associated with fatigue crack initiation are recommended to be statistically evaluated. 
 

 
 

Fig. 13: 3-D view of pores in a cast metal and magnified fatigue crack initiation 
behaviour for two different numbers of cycles [44] 

 
A methodology to evaluate the effect of pores on fatigue life of aluminium die casts is 
proposed in terms of stress concentration factor by Bidhar et al. [45]. They proposed 
an empirical formulation of an elastic stress concentration factor around a pair of 
spherical shaped cavities by numerical results of three-dimensional Finite Element 
Linear Elastic Analyses, see Fig. 14. The effect of inter-pore distance and orientation 
of inter-pore axis to loading direction, on the stress concentration factor is obtained 
numerically by systematically changing each of these parameters, as shown in Fig. 15. 
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Fig. 14: Dependence of the maximum principal stress location on angle of orientation 
of inter-cavity axis to loading direction at =1.01 for six different angles of orientation 
[45] 

 
 

Fig. 15: Prediction and curve fitting showing the variation of the stress concentration 
factor on the normalized inter cavity distance  [45] 
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4.2 Planar defects 
 
In laser material processing, we here call planar defects two-dimensionally extended 
defects such as lack of fusion, lack of adhesion, solidification or hot cracks. These 
defects can be regarded as an initial crack during fatigue loading. Brian et al. [46] 
investigated the fatigue strength of welded AL-6XN super austenitic stainless steel 
with an internal discontinuity such as lack of fusion on the fillet joint. They found that 
a number of groove weld cracks did not originate at the weld toe but grew from 
internal discontinuities within the groove weld. The groove welds had areas of 
incomplete fusion that resulted in planar discontinuities, which propagated as 
embedded slender elliptical cracks. Fig. 16 shows a fatigue crack that propagated from 
such a discontinuity in a web groove weld, where the dark areas in the web indicate 
planes where fusion did not occur.    
 

 
 

Fig. 16: Typical fatigue crack from an internal discontinuity of a transverse groove 
weld detail. The dashed line indicates the approximate area of incomplete fusion in the 
web groove weld [46]   
 
A 45 year old gas pipeline, shown in Fig. 17, was blown out in a longitudinal 
submerged arc weld (SMA) joint due to sudden crack propagation from lack-of-fusion 
without indicating any other damage location [47].  
 

 
 

Fig. 17: Lack of fusion and fracture in a longitudinal SMA weld [47] 

Lack of fusion

Final ductile fracture
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Lack of adhesion was found in H13 tool steel Fig. 18 due to incomplete fusion of the 
substrate by Borges et al. [48]. Cold cracks were also found by Broges in [48]. They 
have mentioned that the cold cracks in laser cladding with filler wire are a result of the 
thermal residual stresses. Cold cracks appear when the clad is too thick and near to 
stress concentration areas due to thermal residual stress produced during rapid cooling 
of laser cladding, see Fig. 19(a) and 19(b). 
 

 
 

Fig. 18: Lack of adhesion in a clad in H13 tool steel with three coating layers [48] 
 

  
(a)          (b) 
 
Fig. 19: Cold cracks in clad in H13 tool steel, (a) for three layers, (b) for two layers 
[47] 
 
4.3 Surface roughness 
 
Surface roughness plays an important role on the fatigue life of the specimen. In the 
as-clad components, the wavy surface with sharp notches, low side-bead angles and 
surface ripples from overlapping clads creates a rough surface that generates stress 
peaks during fatigue loading conditions, which can initiate cracking. Resch et al. [49] 
identified different surface roughness by three levels of powder feeding rates. Low 
feed rates yielded smooth surfaces due to substantial remelting of previous layers 
while high feeding rates caused high roughness and an increased susceptibility of 
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defects due to minimum substrate melting. H. Itoga et al. [50] proposed a step-wise S-
N curve based on experimental results. The effect of surface roughness on crack 
initiation mechanisms and the associated step-wise S-N characteristics are illustrated 
schematically in Fig. 20. Itoga et al. have concluded that in surface-related fracture 
regimes, fatigue life decreases with increasing surface roughness. 
 

 
 
Fig. 20: Schematic illustration showing the effects of surface roughness on the S-N 
characteristics of high strength steel [50] 
 
Chapetti et al. [51] investigated the effect of weld toe irregularities on the fatigue 
resistance of automated arc welds and concluded that the period of toe waves as well 
as the local toe geometry strongly influences the fatigue crack initiation and the 
propagation life. Long toe wave periods gave the longest fatigue life. An arc rotation 
method was introduced to control the degree of waviness on the weld surface [52]. 
Majid et al. [53] scanned a weld surface to calculate Kt values by FE analysis, shown 
in Fig. 21. For sharp transition at a weld toe with surface ripples, high Kt values were 
reported when comparing with smooth transition at weld toes without surface ripples.   
 

  
(a)          (b) 
 
Fig. 21: Weld topography; (a) Measured surface, including features such as ripples and 
spatter, (b) stress distribution at the weld toe of the fillet welded specimen with sharp 
transition [53] 
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5. Conclusions 
 

 Laser cladding led to a strong decrease in fatigue strength for certain 
combinations of materials. 

 A variety of defects are generated during the laser cladding process. Most 
common defects are pores, hot or solidification cracks, lack of fusion and wavy 
surfaces.  

 Pores at the surface or just beneath the surface are critical stress raisers since a 
fatigue crack can initiate from it. 

 A cluster of pores at micro levels may initiate fatigue cracking; FE analysis 
shows that their orientation angle below 45º and a relative distance of less than 
1.2 mm has strong interaction between pores. 

 Lack of fusion acts as a propagating crack during fatigue loading, which can 
lead to devastating failure if it can not be detected in advance. 

 Fatigue life decreases with increasing surface roughness (e.g. wavy surface, 
ripples) since it acts as stress raiser during fatigue loading.      

 Much more experiments are required to construct suitable SN curve for specific 
laser clad specimens. 
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The influence of surface geometry and topography on the fatigue cracking
behaviour of laser hybrid welded eccentric fillet joints
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1. Introduction

Fatigue is a mechanism of material failure which involves the
formation and growth of cracks under the action of cyclic stresses.
Ultimately, a crack will propagate to such an extent that total
fracture of the component occurs. Welded joints are regions of
stress concentration where fatigue cracks are often initiated.
Macro- and micro-geometrical features of the weld can act as
stress raisers which govern the fatigue life [1–3]. Thus, smooth
weld geometry with minimal defects will optimise the fatigue
strength of a welded joint. The welding process and its parameters
influence the geometry of theweld. For example, themanualmetal
arc welding process tends to form a highly irregular weld toe,
which leads to sharp transitions between the weld and the base
metal. Unusual joint geometries, load situations and new welding
techniques can produce new, complex situations from the point of
view of fatigue behaviour. This paper studies laser hybrid welding
of an eccentric fillet joint under a 4-point bending load. Hybrid
welding [4,5] combines a laser beam with an electric arc (MAG)

and creates a narrow deep weld (by the laser beam) but also has
the freedom to shape the surface (by MAG parameters).

Fatigue failure comprises two phases: fatigue crack initiation
(short crack nucleation, growth and propagation up to a macro-
crack threshold length) and fatigue (macro) crack propagation
[4,6]. For an accurate calculation of the fatigue life of a component,
a detailed investigation of the probable fatigue crack initiation
characteristics is required. The initiation of cracks at the weld toe
due to sharp transitions (between the weld and base metal), root
cracks, cold laps and surface cracks in the weld bead are the most
common reasons for fatigue failure of welded joints while internal
defects are less critical [3]. Fatigue crack initiation is difficult to
observe [7,8] and is usually estimated by the weld toe stress
concentration factor (SCF). Crack propagation is analysed by stress
intensity factors (SIF) employing a linear elastic fracturemechanics
approach [9]. The estimation of fatigue life usually approximates
theweld toe geometry to aweld angle, and a circle defines theweld
toe radius. The SCF or the SIF of the crack initiated from the weld
toe can then be calculated. The analysis is usually performed on a
two-dimensional plane strain basis [10–14]. But there is no direct
evidence that the fatigue cracks are really initiated from the toe of
the assumed geometry. Some researchers have tried to perform
fatigue strength assessment of welded joints whilst ignoring the
irregularity of weld toes. Radaj [15] used the concept of a micro-
structural support effect and assumed a weld toe radius of 1 mm
for the weld fatigue analysis of steel structures. This approach has
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been adopted in the fatigue design recommendations of the
International Institute of Welding [16]. Several fatigue analysis
approaches have been described in [17,18], all concentrating on
the weld macro-surface geometry, i.e. weld toe radius and weld
angle.

The influence of the weld geometry on the fatigue strength of
laser-welded joints has been investigated with the help of a
nominal stress-based approach (however, this assumes that
short crack nucleation and propagation periods are negligible) to
create S–N-curves for fatigue design [19–21]. However, previous
investigations have revealed that the S–N-curves of laser-based
joints can differ significantly from arc-welded joints. A slope of
S–N-curves equal to 3 is commonly used for arc-welded joints
[25], but for laser-welded joints; slopes up to a value of 10 have
been observed but this phenomenon so far only partially
understood (in a complex component structure the laser weld
also ends up in 3–4, but locally the laser weld has lower stiffness
and is often thinner). Laser welded joints often have 50% higher
fatigue strength than conventional arc welds due to their
advantageous weld geometries and also for metallurgical
reasons [1,7,21,26,27]. Research into the fatigue life of laser
welded joints has generally concentrated on the weld macro-
geometry, while the impact of weld surface waviness or ripples
is usually ignored. Recently [4] the fatigue crack initiation of
laser hybrid welded low carbon steel was studied in depth,
considering notch radius and depth as critical surface dimen-
sions. Chapetti and Otegui [28] investigated the effect of toe
irregularities on the fatigue resistance of automated arc welds
and concluded that the period of toe waves as well as the local
toe geometry strongly influences the fatigue crack initiation and
propagation life. Long toe wave periods were gave the longest
fatigue life. An arc rotation method was introduced to control the
degree of waviness on the weld surface [29]. Surface ripples or
waviness can also be considered as undercut [30]. The crack
initiation point on the weld bead was identified at the
intersection of two weld ripples or at the secondary undercut
along any point along the surface ripples path or a combination
of both situations.

2. Methodology

The goal of this research is an improved knowledge of the
impact of weld surface macro-geometry and topography on
fatigue crack initiation (and in a subsequent paper on crack
propagation) for the complex case selected here. The methodo-

logical approach applied is: (i) prepare joint edges and carry out
the welding for suitable parameters, (ii) measure the surface
macro- and micro-geometry, (iii) carry out 4-point bending
fatigue testing for a series of samples with identical welding
parameters, (iv) microscopic analysis of the cracked samples, (v)
FE-stress analysis for measured micro- and macro-surface
geometries, and (vi) quantitative and qualitative analysis and
discussion of the results. In particular conclusions on the
mechanism and contributions from the joint geometry in
competition to the weld macro-shape and the topography shall
be drawn and described by a theory. As outlined above,
knowledge of the influence of both the surface geometry and
the topography on fatigue cracking is still limited, particularly for
complex geometries. To measure the surface topography and
surface geometry, 3D optical profilers and the plastic replica
method were used in this study. Based on the data from the 3D
optical profilers and the plastic replica, Finite Element (FE) stress
analysis was performed. 4-Point bend fatigue tests were carried
out for several welded specimens under constant amplitude
stress ratio. Subsequently, analysis of specimen fracture surfaces
was carried out to identify the crack initiation points and the
crack propagation paths.

3. Welding

3.1. Joint design

The joint type studied involves two 10 mm thick steel plates
in butt configuration, but with m = 5 mm eccentricity, see Fig. 1.
This design was stipulated for a specific industrial application.
Structural stainless steel SS2333 was used with sample
dimensions of w � l � t = 50 � 100 � 10 mm3, prepared by
milling and grinding of the joint surface to give zero gap. Fillet
welds were made between two base plates with 5 mm
eccentricity using the hybrid laser metal inert gas (L/MIG)
welding technique, see Fig. 1. The chemical composition and
mechanical properties of the base metal and the filler wire are
presented in Tables 1 and 2. After the welding had been
completed, all specimens were milled to cut about 12.5 mm
from both ends of the weld to remove start and stop defects.
Consequently, a small square plate with 25 � 25 � 5 mm3

dimensions was attached by manual arc weld under the
eccentric base metal to facilitate sample attachment to the
fatigue testing machine. The load condition was 4-point bending
(see later), applying the force from the bottom.

Fig. 1. Eccentric fillet joint: geometrical properties.
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3.2. Welding set-up

An Ytterbium Fiber Laser (IPG Laser YLR 15000) with a
maximum power of 15 kW (wavelength 1070 nm), beam para-
meters product 10.4 mmmrad delivered through a 200 mm fiber
core, was in use for these experiments. The optics (focusing
collimating length = 300:150 = 2:1) created a beam with a focal
diameter of 400 mm and a Rayleigh length of �4 mm, with a focal
plane position on the top surface of the weld. The laser was combined
with a MIG-welding source (ESAB ARISTO). The filler wire, see
Tables 1 and 2, had a diameter of 1.2 mm. During the hybrid laser/
MIG-welding process, the laser beam was traveling 2 mm in front of
theMIG torch. Further process parameters are summarized in Table 3.

3.3. Welding samples

For statistical purpose, 13 samples were welded under identical
conditions. Fig. 2 shows a typical top surface and weld cross
section. The effective weld throat thickness is 6–7 mm and the leg
length is 4 mm. As the bending force acts from the bottom, the
weld root shape is not important, as this area is under compressive
stress. In contrast, the shape of the top of the weld is critical to the
fatigue performance of the specimen.

4. Weld surface shape analysis

4.1. Shape measurement

The surface geometry is mainly determined by the toe radii and
toe angles (see Fig. 1), and these were measured by the non-
destructive plastic replica method [7,31]. The specimen surface
was first polished to remove surface oxides. Afterwards the surface
of the weld toes was filled with liquid silicon rubber. The rubber
hardened within a few minutes, generating an inverted accurate
3D-profile of the weld surface. The hardened profile was detached
from the surface and sliced in 4 positions. The cross sections thus
generated which were used to measure the toe radii and angles by

optical microscopy. The measured data (radius and angle) were
then used to create a two-dimensional FE-model to calculate the
stress concentration factor; Kt. Fig. 3 shows the relationship
between all toe radii and toe angles. The values were measured at
the positions 1 mm, 8 mm, 16 mm and 25 mm along the weld per
sample. In this figure all the measured values from plastic replicas
are plotted. Smooth toe radii and smaller toe angle gives lower
stress concentration factor [25]. Due to smooth toe surface
geometry, weld failure shifted from the toe region towards the
weld bead. Thoughmany researchers have shown that toe radius is
the most significant parameter for the stress concentration
[7,32,33], out of our thirteen samples, only 4 specimens were
cracked at the lower toe region whereas the rest of the specimens
cracked at theweld bead, i.e. in theweld surface ripples. Therefore,
the topography (micro-geometry) of the welds was also studied.

Fig. 2. Typical resulting weld: (a) top surface appearance, and (b) cross section.

Table 1
Chemical composition [%] of the materials used for the sheets and for the filler wire.

Material C Si Mn Cr Ni P S N

SS142333 (sheets) 0.05 1.0 2.0 19.0 11.0 0.045 0.030 –

Avesta 253MA (wire) 0.07 1.6 0.6 21.0 10.0 – – 0.15

Table 2
Mechanical properties of the materials used.

Material Rp0.2(N/mm2)

min

Rm(N/mm2) A5 (%)

min

Hardness,

HB max

SS142333 (sheets) 210 490–690 45 200

Avesta 253MA (wire) 440 680 38 210

Table 3
Hybrid welding parameters.

Parameter Value/type

MIG current (constant) 328A

MIG voltage (resulting) 27V

Pulse time 2.4ms

Frequency 90Hz

Wire stick out length 16mm

Wire feed rate 4.2m/min

Shielding gas Ar

Shielding gas flow 20 l/min

Laser beam angle, a 108
Welding speed 1.05m/min

Laser power 3.25kW
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4.2. Analysis of stress generated by a smooth surface shape

In order to calculate the stress fields and the stress concentra-
tion factors in the weld toes, stress analysis was carried out with
the FEM using the ANSYS 11 software [34]. A linear elastic 2D
model with the assumption of plane stress with thickness was
applied, 25,000 8-nodes quadrilateral elements were used, with
mesh refinement around the toe regions. Residual stress was
neglected due to the shortweld length. The stress formation during
loading conditions is basically superimposed by residual stresses
from the welding process. In the present study the samples are
kept very short (25 mm); moreover laser hybrid welding enables
low heat input (line energy). Therefore residual stress is expected
to be low and was thus neglected, particularly for the FE-analysis.
Barsoum [21] carried out extensive FE welding simulation and
measurement in order to characterize the residual stresses for
various types of welding processes.

For laser hybrid (MAG) welding Barsoum measured residual
stresses of approx. 50 MPa for 13 mm thick specimens, whereas
the residual stresses were 130–160 MPa for conventional MAG
welding at the weld toe fatigue failure site. The investigations of
Otha et al. [22] for 10 mmwide specimens cut out from a 250 mm
wide cruciform plate had residual stresses in the range of 100 MPa
to �50 MPa 3 mm from the weld toe. Tsai et al. [23] carried out
comprehensive welding simulation on cruciform joints with fillet
welds. The welding techniques investigated were gas metal arc
welding (GMAW) and flux cored arc welding (FCAW). Also the cool
saw cutting of the full-width (102 mm) specimens, cut out from
the 610 mm cruciform plate to a half-width specimen was
simulated. It was concluded that the residual stresses across the
weld toe are significantly relieved by the cutting. The longitudinal
residual stresses 25 mm away from the weld toe, which can be
considered to cause the considerable effects in fatigue crack
propagation, dropped from 282 MPa to 193 MPa; a 30% drop.

Since fatigue was tested in the low-mid cycle regime, in
addition the small residual stressmagnitudewill relax/redistribute
early in the fatigue life of the specimens due to the high stress
amplitude applied. Barsoum and Gustafsson [24] showed in a
recent investigation that the residual weld stresses (tensile or
compressive) have very little effect on the fatigue life in the low-
mid cycle regime. Hence no effect of the residual stresses could be
expected on the fatigue life predictions. We would also like to
emphasize that the present study tries to isolate the different
stress raising contributions, thus even for significant residual
stress as an additional contribution the basic findings about
topography and geometry would remain valid.

According to the large scatter of the toe radii, Fig. 3, different
radii-combinations were studied. Fig. 4 shows how a smaller lower
toe radius induces a much a higher stress peak than the upper toe,

but for increasing radius this becomes less pronounced. Never-
theless, the lower toe has a shorter distance (throat) to the root and
thus remains dominant. Stress concentration factor, Kt as a function
of the toe radius is plotted in Fig. 5. The stress concentration factor
was calculated based on the nominal stress method. The nominal
stresses were taken from the top surfaces, 24 mm away from the
joint edge, thuswhere the loadwas applied to both plates, see Fig. 1.
This indicates that the lower toe for eccentric filet joints in a 4-point
bend situation is critical at the macro-geometry level.

5. Weld surface topography analysis

5.1. Topography measurement

Beside the toe radii macro-geometry, the impact of the
topography (micro-geometry) is expected to be critical and was
therefore studied, too. A Wyko NT1100 was used as 3D optical
profiler. It utilizes vertical scanning/white light interferometry. A
typical topography scan taken from the lower toe is shown in Fig. 6,
showing the re-solidification patterns which cover the surface. The
surface was free of larger welding defects such as cracks or cold
laps. The roughness was typically Rt = 253.44mm across and
Rz = 200.35mm along the weld, thus very rough due to the surface
ripples. These data can be used for FE-analysis. The software of the
profiler was Vision32. The height resolution was set to 1 nm. The
measurement was taken in the middle of the lower toe.

5.2. Analysis of stress concentration generated by topography

The FE-analysis that was used and described for smooth surface
shape analysis, Section 4.2, was also utilized here. Instead of giving
smooth toe radii, in this FE-model surface topography (roughness of
the ripplesacross theweld)was introduced. Fromthemeasureddata
for three rough surface profiles, three surface meshes were
generated. While on the lower toe radii for smooth surface shape
analysis, 8 quadrilateral elementswere applied along the toe region
(0.125mm wide); in the topography analysis 1092 quadrilateral
elements (0.92mm wide) were used across the same region. The
other mesh of the sample and the loading conditions remained
unchanged. TheFE-analysis for smoothsurfaceswithdifferent lower
toe radii was then compared with three FE-analysis results for the
three typical roughness profiles. From the FE-analysis the large
topography scatter in theweld toe results in stress peaks. Compared
to the ideal toe radii, thehighest stress peak is almost 4 timeshigher,
see Figs. 7(a)–(d) and Fig. 8 where stress peaks above Kt = 4 were
classified as unrealistic. The definition of surface curvature, the
corresponding FE-mesh resolution and result interpretation is
critical and not completely understood yet. The present study aims
to indicate the importanceof stress raising resulting fromfeatures of
the measured topography (compared to a smooth surface) for crack
initiation. Once a crack is initiated, the stress level rapidly decays to
the typical crack tip raiser values, thus the values of surface
curvature and their stress peaks lose importance. Compared to the
stress peaks from the toe radii the welding ripples can cause
significantly higher stress concentration. However, in the cases
studied the difference between the ripples were not so significant,
thereforea ripple in the toe showedhighest stress, as combinedwith
the toe radius and neck impact. However low toe radii will shift the
peak value to the most critical ripple in the weld bead.

6. Fatigue analysis

6.1. Testing set-up

The 4-point bend fatigue testing was performed, using a servo-
hydraulic machine (Instron 1272 max � 50 kN). The welded joints

Fig. 3. Measured local weld geometry.
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Fig. 4. Calculated stress fields for a smooth surface for various lower toe radii, LTR (UTR = 1 mm) combinations: (a) total cross section, (b) 0.5 mm, (c) 1 mm, (d) 1.5 mm, (e)

2 mm and (f) 2.5 mm.

M.M. Alam et al. / Applied Surface Science 256 (2010) 1936–19451940



were tested by keeping a constant amplitude stress ratio, R = 0 at a
frequency of 45 Hz as shown in Fig. 9. The specimens were tested in
the range from 2.5 kN to 4 kN until complete failure or to an
endurance of 2 million cycles if there was no evidence of fatigue
cracking. A thicker beam than the base metal was specially prepared
and hardened for fatigue testing with two different grooves so that
the roller can fit the groove.

6.2. Fatigue test evaluation

In this fatigue analysis, the nominal stress approach was used.
The stresses were calculated by FEA [16]. The fatigue resistance
data and stresses were then compiled into a logarithmic S–N-curve
(Wohler curve) as shown in Fig. 10 to describe the fatigue strength.
The equation for S–N-curves can be written as [16];

logN ¼ logC �mlogDs (1)

Fig. 5. Stress concentration factor as a function of the upper and of the lower toe

radius (upper toe radius kept constant at 1 mm).

Fig. 6. Typicalmeasuredweld surface topography, here ranging from the basemetal

(1) across the lower toe (2) to the weld bead (3); the ripples see also Fig. 2(a), are

surface curvatures on a micro-scale.

Fig. 7. Stress fields calculated by FEA for a simplified cross section for (a) a smooth surface (toe radius 1.5 mm) and by taking into account themeasured topography profile (b)

case 1, (c) case 2, and (d) case 3.
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or simply as

N ¼ C

Dsm
(2)

where N is the number of cycles to failure,Ds is the stress range,m
is the slope of the S–N-curve and C is the load intensity value
(capacity). Since no standard definitions exist so far for fillet joints
with 5 mm eccentricity under a 4-point bending condition, all the
calculations for fatigue strength were stand alone and not
comparable [16,35]. The fatigue test properties identified are
shown in Table 4. The mean value (Pf 50%) of the fatigue strength
was calculated with a slope of m = 3, excluding the run outs. Also,
the fatigue classes FAT on 50% and 95% survival probability levels
were calculated according to IIW recommendations [16]. From the
fatigue test data a mean linear regression analysis was carried out,
assuming a straight line of the S–N-curve. This gave a slightly
higher natural slope m of the S–N-curves of 3.16. The mean Pf 50%
was also increased to 141 MPa. The natural slope is calculated
according to Eq. (3) [35,36]. To calculate the natural mean curve,
log C has to be calculated, which is done by using Eq. (4) where n is
the number of failed specimens.

mnatural ¼
n:

P
logN:logsð Þ �P

logN:
P

logsP
logsð Þ2 � n:

P
logsð Þ2

(3)

logC ¼
P

logN þmnatural:
P

logs
n

(4)

The Kt and C values of each specimenwere calculated according
to [16] and shown in Fig. 11. The tested samples can be divided into
two groups, i.e. weld bead failure (WBF) and toe failure (TF). The
majority of the cracks were formed in the weld bead even though
the toe radius is traditionally considered the most significant
influence on crack initiation. In Fig. 11, WBF specimens show
higher fatigue strength and lower stress concentration at the toe
than the TF specimens, indicating that a larger toe angle and
smaller toe radius creates higher stress concentration. This is also
confirmed by [2,21]. This indicates that low toe radius and low toe
angle shift the crack initiation from the weld toe to the weld bead,
giving higher fatigue strength.

Fig. 8. Stress concentration factors across the (simplified) weld surface for smooth

surfaces for three radii andwhen considering the roughness (case 1, 1.5 mm, cut-off

above Kt = 4) and corresponding roughness distribution for three cases.

Fig. 9. Four-point fatigue bending test (note: the weld is upside down).

Fig. 10. S–N-curve of the fatigue testing results, together with mean line (50%

failure probability) evaluated with m = 3, natural mean line with m evaluated with

linear regression and the FAT (5% failure probability) line according to the IIW-

standard.

Table 4
Fatigue testing results.

IIW norm property Value

Kt—mean/standard deviation 3.09/0.35

LogC (m=3)—mean/standard deviation 12.71/0.18

m—natural slope 3.16

Mean value (N=2.106, m=natural slope) 141

Mean value, Pf 50% (N=2.106, m=3) 137

FAT, Pf 5% (N=2.106, m=3) 95

Fig. 11. Capacitive value C (m = 3) as a function of the stress concentration factor Kt,

distinguishing toe failure and weld bead failure specimens.
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7. Fractography

The fatigue crack initiation process involves the formation of
microscopic flaws at grain boundaries, inclusions, micro-structural
and chemical heterogeneities as well as microscopic and macro-
scopic stress concentrations [37]. As the welding processes create
heterogeneous nucleation sites on themacroscopic level, a detailed
study of microscopic aspects of fatigue crack initiation and
propagation were not essential. Crack initiation and propagation
patterns were observed after opening the cracks in the samples.
Multiple crack initiation sites were found on the crack plane as
shown in Fig. 12(c). In general, the number of crack initiation sites
is proportional to the magnitude of the applied fatigue loading.

This can be explained by taking the applied load on the surface
source as the nominal strain, whereas the fatigue crack initiation is
governed by the local strain which is much higher due to stress
rising effects, i.e. inclusions, precipitates and micro-structural
defects [38]. Under a higher fatigue load more initiation sites
activate as the local strain exceeds the elastic strain limit due to the
microscopic stress concentration effect. As the fatigue cracks
progress, they coalesce and develop into one or few dominating
cracks leading to the final fracture.

When studying the fracture of a specimen with toe failure, a
horizontal trace was observed below the surface, see Fig. 12(c). The
distance to the surface was approximately 0.35 mm. As the fatigue
crack initiated in the weld toe, this trace could be a transition from
weld metal to base metal. This assumption was confirmed by
Gripenberg [39]. Fig. 12(b) shows at higher magnification some of
the crack initiation sites associated with local toe radius. These
initiation sites correspond to positions in which the weld ripples
approach the toe of the hybridweld. In this situation the ripples are
following weld re-solidification pattern. These defects are rela-
tively long compared to their depth, andwill cause a fairly constant
stress concentration over most of their length. The initial aspect
ratio (i.e. the ratio of crack depth to half its surface length, a/c) of
cracks initiating from these defects tends therefore to be quite
small, and oriented in a direction along the weld toe and normal to
the plate surface. These orientations and aspect ratios are such that
these cracks have the highest probability of becoming the
dominant cracks that eventually lead to failure. Several chevron
marks are observed in Fig. 12(c), with ratchet lines. Usually
chevronmarks point to the crack origin. Even though the specimen
contains many initiation sites, only a few of them become
predominant during the fatigue failure process. Each crack plane
in Fig. 12(c) is separated by a ratchet line. Details for ratchet line
formation at this state are discussed in [40]. When ratchet lines
disappear after crack growth across the weld, the individual cracks
coalesce and form a single crack plane. Fig. 12 (a) shows fatigue
crack propagation from a lower toe. The lower part of Fig. 12(c)
shows tearing of the specimen after coalescence of the cracks. The
weld top trace of the (longer) cracks of all 13 specimens is shown in
Fig. 13. Many, but not all cracks follow the weld surface ripple
pattern. Some cracks jump from an outer to an inner (with respect
to the weld centre) ripple. Stress rising by the ripples obviously
guides the cracks into a favored direction, as supported by the FE-
simulation.

Fig. 12. Typical fractography microscope images: (a) weld cross section with

propagating crack, (b)weld surfacewith crack propagating along the ripples, and (c)

crack surface along the weld, showing crack initiation points, chevron marks and

ratchet lines and the horizontal transition line weld bead-HAZ. Fig. 13. Crack trace at the weld top surface for all 13 samples.
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8. Discussion and theory

In this experiment, there are two different types of crack
surfaces observed, i.e. cracks in the weld toe and in the weld bead.
Both cracks originated from undercuts according to Otegui et al.
[30]. Surface ripples or waviness are here considered as undercuts.
Cracks initiated from the ripples near to weld toe propagate along
the toe and formed ratchet marks which are shown in Fig. 14(a).
Corresponding to Otegui et al. [30] crack initiation point on the
weld bead is defined where two weld ripples intersect or
secondary crack along any point in surface ripples path or at both
situation which is shown in schematic diagram in Fig. 14(b) and
subsequently crack propagation path.

Owing to the presented findings, improvement of fatigue life by
means of controlling the toe waviness is desirable, e.g. controlling
the weld pool flow as origin of the ripples on by the post
processing, e.g. surface remelting. The period of toe waves as well
as particular features of the toe geometry strongly influence the
fatigue crack initiation and propagation process [20]. Larger toe
wave period and smaller internal toe angle gives the longest

fatigue propagation live [21]. Large toe wave periods also mean
large geometric mismatches in the internal toe points where toes
corresponding to two adjacent waves intersect. On the one hand
the geometry of these internal toe points makes them unsuitable
for crack initiation; on the other hand cracks coalescence in these
regions is delayed, increasing load shedding interactions between
neighboring cracks and slowing crack propagation.

A theoretical description of the findings is illustrated in Fig. 15.
Basically it shows that three mechanisms contribute to the
maximum stress, namely the throat distance, the toe radius and
the ripple radii. Those competing mechanisms determine which
region is most critical. Moreover, the root of the weld is uncritical
due to its compressive stress environment.

9. Conclusions

(a) The toe radius does not always dominate fatigue performance,
as ripples can become local stress raisers.

(b) If the toe radii are large enough, the stress peak can be shifted
to the weld bead; the weld re-solidification ripple pattern
guides the cracks.

(c) Welds which fail in the bead show higher fatigue strength than
those which fail in the toe.

(d) The toe radius and surface topography can vary along the weld.
(e) The lower toe radius is more critical than the upper toe in this

eccentric joint, as its shorter distance to the root generally
causes higher stress.

(f) The surface ripples significantly raise stress, but those in the
toe normally cause the highest stress, except when the toe
radius is small.

(g) The cracks in this case always started in the weld, not in the
HAZ, nor at the fusion interface.

(h) The complex geometrical interactions involved can be
explained by a theoretical illustration.
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a b s t r a c t

Fatigue cracking of laser hybrid welded eccentric fillet joints has been studied for stainless
steel. Two-dimensional linear elastic fracture mechanics analysis was carried out for this
joint geometry for four point bending load. The numerical simulations explain for the
experimental observations why the crack propagates from the lower weld toe and why
the crack gradually bends towards the root. Lack of fusion turned out to be uncritical for
the initiation of cracks due to its compressive stress conditions. The linear elastic fracture
mechanics analysis has demonstrated in good qualitative agreement with fatigue test
results that lack of fusion slightly (<10%) reduces the fatigue life by accelerating the crack
propagation. For the geometrical conditions studied here improved understanding of the
crack propagation was obtained and in turn illustrated. The elaborated design curves
turned out to be above the standard recommendations.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A welded joint may contain defects such as inclusions, pores, cavities, undercuts that can lead to high stress concentra-
tion. As a consequence, fatigue failures appear in welded structures mostly at the welds rather than in the base metal. For
this reason, fatigue analyses are of practical interest for many welded structures exposed for cyclic loads.

Fatigue failure usually includes three stages: crack initiation, propagation and final fracture [1]. At each stage, the corre-
sponding fatigue behaviour can be affected by various factors, such as load conditions, geometry of the weld, constraint of
the structure, material properties and environment. Studies 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 [2], complex
microstructure [3–6], strength mismatching [7,8], complex loading [9] or internal defects [10] found in welds. It should
be noted that the welding process may introduce cracks or crack-like imperfections. The existence of crack-like imperfec-
tions in the welded joint is normally considered to eliminate the crack initiation stage of fatigue life. Therefore, the emphasis
of the fatigue assessment can often be focused on the crack growth stage of the fatigue life. The existence of crack-like flaws
(sharp toe radii, surface ripples, lack of fusion (LOF), lack of penetration (LOP), cold laps, etc.) in the welded steel joints and its
impact on fatigue crack initiation life has often been studied [11]. The effect of toe radii and surface ripples on fatigue crack
initiation has been extensively reported in [12] as a base for the present study, and in [13].

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
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ligament. By characterizing crack growth using concepts such as the stress-intensity factor through the Paris-Erdogan power
law [14], it is possible to predict the crack growth rate of a weld under cyclic loading, and hence the number of cycles nec-
essary for a crack to extend from a certain initial size, i.e. the size of pre-existing cracks or crack-like defects, to a maximum
permissible size to avoid catastrophic failures.

LOF is a very critical discontinuity that can (particularly for local tensile stress) reduce the effective throat depth and act
like a notch. The occurrence of LOF and its characteristics are described for gas shielded arc welding processes in [15]. The
main cause for the occurrence of LOF is insufficient energy input to the weld area. This means that the parent metal in the
weld groove or previous runs have not been heated to the melting point to make a uniform joint. This is mainly affected by
the groove preparation, the welding technology and the welding parameters chosen [16].

The present study aims at improved understanding of the fatigue crack propagation behaviour for the combination of four
non-trivial conditions, namely: (i) eccentric fillet joint, (ii) laser hybrid welding, (iii) LOF as an internal weld defect, (iv) four
point bending load situation. This eccentric joint design has been desired in vehicle industries for certain structures that are
under fatigue load similar to four point bending. Here laser hybrid welding is promising to achieve full penetration and for
generating a favourable shape. Laser hybrid welding [17] combines a laser beam with an electric arc (here: metal inert gas,
MIG) and creates a narrow deep weld (from the laser beam). It also provides the freedom to shape and smooth the joint
geometry (by the burning electrode) in contrast to autonomous laser welding that bears the risk of underfill and cannot
avoid (without cold wire addition efforts) stress raising at sharp transitions of joint corners. Nevertheless, the risk of LOF
by improper laser beam alignment remains and needs to be understood.

2. Welding

2.1. Joint design

The joint type studied involves two 10 mm thick steel plates in eccentric fillet configuration as shown schematically in
Fig. 1. Structural stainless steel SS142333 was used with sample dimensions of width (w) � length (l) � thickness
(t) = 50 � 100 � 10 mm3, prepared by milling and grinding of the joint surface to give zero gap. Fillet welds were made be-
tween the two base plates with 5 mm eccentricity, see Fig. 1, using the hybrid laser metal inert gas (L/MIG) welding tech-
nique. The chemical composition and mechanical properties of the base metal and filler wire are presented in Tables 1 and 2
[18]. After welding, all specimens were milled to cut off about 12.5 mm from both ends of the welded coupons to remove the
start and stop irregularities. Therefore, the specimen dimensions were reduced to w � l � t = 25 � 100 � 10 mm3. A small
square plate with 25 � 25 � 5 mm3 dimensions was attached (by manual arc welding) under the eccentric base metal,
see Fig. 1, to facilitate sample attachment to the fatigue testing machine. The stress formation during loading conditions
is basically superimposed by residual stresses from the welding process. Laser hybrid welding enables low heat input (line
energy). Also, specimens were cut and machined. Therefore, residual stress is expected to be low [2] and was neglected, par-
ticularly for the FE-analysis.

2.2. Welding set-up

An Ytterbium fibre laser (IPG Laser YLR 15000) with a maximum power of 15 kW (wavelength 1070 nm) was used for
welding. A requirement from industry was to perform the welds with the lowest beam power sufficient for full penetration,

Fig. 1. Eccentric fillet joint: geometrical properties.
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which was 3.25 kW. The laser beam with a beam parameter product (beam quality) of 10.4 mm�mrad was delivered through
a 200 lm fibre optics core. The optics (focusing to collimating length = 300 mm: 150 mm = 2:1) created a beam with a focal
diameter of 400 lm and a Rayleigh length (focal depth) of ±4 mm, the focal plane positioned on the top surface of the weld.
The laser was combined with a MIG-welding source (ESAB ARISTO). The filler wire, see Table 1 and 2, had a diameter of
1.2 mm. During the hybrid laser welding process, the laser beam was travelling 2 mm in front of the MIG torch. Further pro-
cess parameters (chosen to achieve a sound, stable weld) are summarized in Table 3.

2.3. Resulting weld

For statistical purposes, 13 samples were welded under identical conditions. Fig. 2 shows some resulting weld cross sec-
tions and indicates important locations (A–E). LOF was observed in most of the samples. More details (all surface crack
shapes and the variation of all toe radii) can be found in [12]. Locations A, B and D are upper toe, lower toe and weld bead
respectively from where the fatigue crack initiated and propagated [12]. LOF and LOP are internal welding defects which are
denoted as C and E respectively in Fig. 2(b and c). LOF was a typical defect that was difficult to suppress and therefore part of
the study. The effective weld throat thickness is 6–7 mm and the leg length is 4 mm.

3. Fatigue analysis

3.1. Testing set-up

The four point bend fatigue testing was performed using a servo-hydraulic machine (Instron 1272, max ±50 kN). The
welded joints were tested by keeping a constant amplitude stress ratio, R = 0 at a frequency of 45 Hz, rmax for a given spec-
imen was 2.5 kN, 3 kN, 3.5 kN and 4 kN until complete failure. A loading fixture was specially prepared and hardened for
fatigue testing with two different grooves so that the roller can fit the groove as shown in Fig. 3.

3.2. Fatigue test evaluation by the nominal stress method

In fatigue analysis, the nominal stress approach was used. The stresses were calculated by FEA. The nominal stresses were
taken from the top surfaces, 24 mm away from the joint edge, where the load was applied to both plates, see Fig. 1. The fa-
tigue resistance data and nominal stresses were then compiled into a logarithmic SN-curve (Wöhler curve) as shown in Fig. 4
to describe the fatigue strength. The equation for the SN-curves can be written as [19]

Table 1
Chemical composition [wt.%] of the materials used for the sheets and for the filler wire.

Material C Si Mn Cr Ni P S N

SS142333 (plates) 0.05 1.0 2.0 19.0 11.0 0.045 0.030 –
Avesta 253MA (wire) 0.07 1.6 0.6 21.0 10.0 – – 0.15

Table 2
Mechanical properties of the materials used.

Material Rp0.2(MPa) min Rm(MPa) A5 (%) min Hardness, HB max

SS142333 (plates) 210 490–690 45 200
Avesta 253MA (wire) 440 680 38 210

Table 3
Hybrid welding parameters.

Parameter Value/type

MIG current (constant) 328 A
MIG voltage (resulting) 27 V
Pulse time 2.4 ms
Frequency 90 Hz
Wire stick out length 16 mm
Wire feed rate 4.2 m/min
Shielding gas Ar
Shielding gas flow 20 l/min
Laser beam angle, a 10�
Welding speed 1.05 m/min
Laser power 3.25 kW
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logN ¼ logC �m logDr ð1Þ
or simply as

N ¼ C
Drm

ð2Þ

where N is the number of cycles to failure, Dr is the stress range, m is the slope of the SN-curve and C is the load intensity
value (Capacity). For comparison, the numerically predicted values for fatigue life are also shown in Fig. 4. They will be de-
scribed in Section 5.2. The fatigue test properties identified are shown in Table 4. The mean value (Pf 50%) of the fatigue
strength was calculated with a slope of m = 3, excluding one run out. Also, the fatigue classes FAT on 50% and 95% survival
probability levels were calculated according to the IIW recommendations [19]. From the fatigue test data a mean linear
regression analysis was carried out, assuming a straight line of the SN-curve. This gave a slightly higher natural slope of
the SN-curves of m = 3.16. The mean Pf 50% was also increased to 141 MPa. The natural slope is calculated according to
Eq. (3) [20]. To calculate the natural mean curve, log C has to be calculated, which is done by using Eq. (4) where n is the
number of failed specimens.

mnatural ¼ n:
PðlogN: logrÞ �P

logN:
P

logr
ðP logrÞ2 � n:

PðlogrÞ2
ð3Þ

logC ¼
P

logN þmnatural:
P

logr
n

ð4Þ

Another method for predicting fatigue life locally is the effective notch stress method where the real weld contour is re-
placed by an effective notch radius of 1 mm. A comprehensive review of notch stress methods can be found in [19,21,22].

4. Fatigue crack geometry and crack morphology

Fig. 5 shows a typical fatigue cracked weld top surface that failed at the lower toe. Fig. 6 shows fatigue crack propagation
from the lower and upper toes of welds with LOF defects. It is interesting to note that LOF opens under load, but does not

Fig. 2. Typical resulting weld: (a) defect-free weld cross section, (b) with LOF-interface, (c) with distinct LOF and lack of penetration.

Fig. 3. Four-point fatigue bending test (note: the sample is upside down).

M.M. Alam et al. / Engineering Fracture Mechanics 78 (2011) 2246–2258 2249



initiate a crack. Instead, the crack initiated within the weld due to weld surface ripples [12] and has a tendency to propagate
towards the root.

Multiple crack initiation sites pointed by several chevron marks along with ratchet lines were found on the crack surface,
as shown in Fig. 7. Even though the specimen contains many initiation sites, only a few of them become predominant during
the fatigue failure process. Each crack plane in Fig. 7 is separated by a ratchet line. Details for ratchet line formation at this
stage are discussed in [23]. When ratchet lines disappear after crack growth across the weld, the individual cracks coalesce
and form a single crack plane.

Fig. 4. S–N curve of the fatigue testing results, together with mean curve (50% failure probability) evaluated with m = 3, natural mean curve with m
evaluated with linear regression and the FAT (5% failure probability) curve according to the IIW-standard and numerical fatigue life.

Table 4
Fatigue testing results.

IIW norm property Value

Kt – mean/standard deviation 3.09/0.35
Log C (m = 3) – mean/standard deviation 12.71/0.18
m – natural slope 3.16
Mean value (N = 2 � 106, m = natural slope) 141
Mean value, Pf 50% (N = 2 � 106, m = 3) 137
FAT, Pf 5% (N = 2 � 106, m = 3) 95

Fig. 5. Typical fatigue crack geometry at the top surface; cracking in the lower toe, partially propagating along the weld ripples.

2250 M.M. Alam et al. / Engineering Fracture Mechanics 78 (2011) 2246–2258



5. Numerical fracture mechanics analysis

5.1. Numerical method

Linear elastic fracture mechanics (LEFM) crack growth analysis was carried out in order to understand the crack propa-
gation for the case studied here, in particular the impact of the upper and lower weld toe shapes and of lack of fusion. 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 DK, the range of the
stress-intensity factor. Among the proposed equations, the Paris–Erdogan relationship is commonly accepted and used in
practice for a wide range of Mode I crack growth rates. The Paris-law [14] for the crack growth rate is

da
dN

¼ CðDKÞm ð5Þ

where da/dN is the crack growth rate per cycle, C and m are material constants and DK is the stress-intensity factor range
(Mode I). With respect to the crack propagation period Np and by integration of Eq. (5) we can obtain the number of loading
cycles Np:Z Np

0
dN ¼ 1

C

Z af

ai

da
½DK�m ð6Þ

Eq. (6) indicates that the required number of loading cycles Np for a crack to propagate from the initial length ai to the
final crack length af can be explicitly determined if C, m and DK are known. C and m are material constants obtained exper-
imentally [19]. For complicated geometries and loading cases it is necessary to use FE-simulation to predict the stress-inten-
sity factor.

5.1.1. Numerical computation of the stress-intensity factor
The accuracy of the results obtained in the numerical method depends on the fracture criteria used for calculating the

fatigue crack growth rate and the crack growth direction. The crack growth rate is a function of the stress-intensity factor
(SIF; KI, KII, KIII) [24]. In 2D FE models, four methods can be chosen to compute the stress-intensity factors along the (gen-
erally curved) crack path:

Fig. 6. Cross section of cracked welds (all with LOF, C) after fatigue testing, with crack initiation (a) in the upper toe, (b) in the upper and lower toe, (c) in the
lower toe.

Fig. 7. Crack surface appearance along the weld: crack initiation points, chevron marks and ratchet lines and the horizontal transition line weld metal-base
metal.
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(a) the displacement correlation technique (DCT) [25];
(b) the quarter point displacement technique (QPDT) [26];
(c) the potential energy release rate computed by means of a modified crack-closure (MCC) integral technique [27,28];

and
(d) the J-integral computed by means of the equivalent domain integral (EDI) together with a mode decomposition

scheme [29,30].

In this work the Finite Element Method in the framework of the program package FRANC2D [31] has been used for sim-
ulation of the fatigue crack growth. In this approach the determination of the stress-intensity factor is based on the DCT
using singular quarter point, six node triangular elements around the crack tip, see Fig. 8. It is worth noting that in a quar-
ter-point element (QPE) the mid-side node is located at the quarter distance away from the crack tip node (ab = 1/4 ac) in
order to provide more accuracy for the calculated stress and displacement fields around the tip. The DCT uses all four nodes
on the crack faces of a QPE. The technique uses the differential displacements of the adjacent nodes across the crack to com-
pute the stress-intensity factors:

K I ¼ 2G
ð3� 4vÞ þ 1

�
ffiffiffiffiffiffi
p
2L

r
½4Vd � Ve � 4Vb þ Vc�

K II ¼ 2G
ð3� 4vÞ þ 1

�
ffiffiffiffiffiffi
p
2L

r
½4ud � ue � 4ub þ uc�

ð7Þ

where G is the shear modulus of the material, v is the Poisson ratio, L is the finite element length on the crack face, u and V are
displacements of the finite element nodes b, c, d and e, see Fig. 8. The combined stress-intensity factor is then:

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK2

I þ K2
IIÞ � ð1� v2Þ

q
ð8Þ

The displacement method can be applied to the plane strain condition to calculate the stress-intensity factor:

K I ¼ E
8ð1� v2Þ

ffiffiffiffiffiffiffi
2p
L

r
½4ðVb � VdÞ � ðVc � VeÞ� ð9Þ

where E is Young’s modulus

5.1.2. Numerical computation of the crack growth direction
To simulate the crack growth direction in 2D FE-analysis, the most usual criteria for the computation of crack growth are:

(a) maximum circumferential stress (rhmax); (b) maximum potential energy release rate (ghmax); and (c) minimum strain en-
ergy density (Shmax).

For the first criterion, Erdogan and Sih [33] considered that a crack grows in the same direction as the maximum circum-
ferential tensile stress around the crack tip. In the second criterion, Hussain et al. [34] have suggested that the crack prop-
agates in the direction with the highest energy relaxation rate and Sih [34] proposed the third criterion that crack grows in
the direction that provides the lowest level of strain energy within the material. Although research has shown a close sim-
ilarity between the results of these three methods for predicting the crack growth direction, most of the studies indicate that

Fig. 8. Six-node triangular element around the crack tip [32].
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the first method (the maximum circumferential tensile stress method) has been preferred [35–39]. In the maximum circum-
ferential stress theory, the direction of crack propagation h is computed from

K I sin hþ K IIð3 cos h� 1Þ ¼ 0 ð10Þ
Analysis of Eq. (10) for the two pure modes showed that for pure Mode I, KII = 0, KIsin h = 0 and h = 0�, and for pure Mode II,

KI = 0 and h = ±70.5�. These values of h are the extreme values of the crack propagation angles. The intermediary values are
found by solving Eq. (10) for h considering the mixed mode, resulting in

h ¼ 2 arctan
1
4

K I

K II
� 1

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K I

K II

� �2

þ 8

s0
@

1
A ð11Þ

5.1.3. Fatigue crack growth simulation
The above concepts of numerical crack growth are applied to simulate the fatigue crack propagation, consisting of two pro-

cesses: modelling and meshing, using ANSYS 11 [40] software, and simulating and analyzing, by FRANC2D [31]. A 2D plane
strain FE-model was used for the LEFM calculations. Both weld toe radii were modelled with a radius of 1 mm (for other radii
and for rippled surfaces see [12]). Themesh (839 elements, 2684 nodes) consists of 6-node triangular QPEs for the crack region
and 8-node quadrilateral elements for the remaining regions. A unity load (1 N) was used according to the bend loading posi-
tions. A Poisson ratio of 0.3 and a Young’s Modulus of 200 GPa was used [18]. The initial crack was placed perpendicularly to
the surface at the point where the crack initiation has been determined. The assumption is that the initial crack in lower toe,
upper toe and weld bead are surface ripples which are considered as undercuts [13], with initial size of ainitial = 0.1 mm (also
0.5 mm was studied but hardly led to any difference). The initial LOF size (C) is assumed to be 3 mm (also 1 mm and 5 mm
were studied, changing the confinements). The Paris-law constants m = 3, Cchar = 9.5 � 10�12 MPa

p
m (characteristic value

corresponding to 95% survival probability), and Cmean = 4.75 � 10�12 MPa
p
m (mean fatigue crack growth rate coefficient)

are recommended by IIW and are used. Threshold effects were considered by assuming DKth = 2 MPa
p
m. The crack incre-

ment size Da was 0.5 mm up to a crack length af = 3.5 mm. Weld defects in the weldments studied resemble initial cracks.
Hence, no crack initiation phase is considered for the upper and lower weld toe cracks and for the weld bead (ai = 0.1 mm;
note: ai = 0.3 mm gave the same result). The total crack extension was 3.5 mm. The nodal displacement field is obtained
for the nodes around the crack tip applied to calculate the stress-intensity factor for Modes I and II (KI, KII) using a displace-
ment correlation technique based on Eq. (7). Numerical analysis has shown that the stress-intensity factor KII was less than 3%
of KI and can be neglected. For KI Eq. (9) was applied for plane strain conditions. Finally, the number of cycles for each crack
propagation step is predicted by applying the obtainedDK andDa to the Paris-model into Eq. (6). In addition to the incremen-
tal crack length and the corresponding number of cycles for each Da, the crack growth direction is calculated by applying DK
to Eq. (11). All calculations are executed in segments prior to each crack propagation step to predict the crack growth rate and
direction.

5.2. Numerical results and discussion

For the particular case studied here, the initiation of cracking takes place at the top surface; its location is most likely in
the lower weld toe. After fatigue testing most cracks appeared in the lower toe, Fig. 6(a and c), some in (the lower part of) the
weld bead and very few in the upper toe, see Fig. 6(a and b). A comprehensive study in [12] has shown, both, from micros-
copy analysis and from FE-analysis that the location of crack initiation is governed by the peak stress that is determined by
the combination of distance to the root, global surface (toe) radius and local radius (ripples, always present here, see Fig. 5).
The lower toe normally prevails over the upper toe due to the shorter root distance, except if the upper toe radius is signif-
icantly smaller. If the lower toe radius is relatively large, a particularly sharp surface ripple can cause the highest stress (and
then guide the crack along the ripple) even in the flat weld bead or in the upper toe, as is likely in Fig. 6(a and b). To cover all
cases, different crack initiation sites are considered here (by locating an initial crack) which are upper toe (A), lower toe (B),
LOF (C) and weld bead (D).

Welding introduces residual stresses within the weld and in the surrounding area. Residual stresses in tension are det-
rimental and may reach the magnitude of the yield strength of the material. Tensile residual stresses may reduce the fatigue
life of the structure by accelerating fatigue crack growth, while compressive residual stresses may decrease fatigue crack
growth rate and in some cases lead to crack closure. Barsoum [2] reports tensile residual stresses at the weld toe and com-
pressive residual stresses in the vicinity of LOF for large scale specimens. He reported that the residual stresses in small scale
specimens are significantly relaxed due to (i) specimen preparation due to cutting, (ii) the subsequent fatigue loading. The
specimens in this study are cut and machined and should contain smaller amount of residual stresses in comparison to
welded structures. Therefore, residual stresses are not considered in this study, as explained in Section 2.1.

Fig. 9 shows a simulated crack that has propagated, and is in good agreement with an experimentally obtained crack. The
FE results in Fig. 10 illustrate (cross section) the stress field during initiation and propagation of a crack in Fig. 10(a–c) and its
interaction with LOF in Fig. 10(d–f).

Cracking is initiated perpendicular to the surface (at the peak stress location) and then bends towards the root during
propagation. The stress conditions at the crack tip determine direction and speed. In Fig. 10 the lines of constant stress
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are truncated at 10 MPa for better scale visualisation, as the peak areas achieve one order of magnitude higher values. Thus,
the interaction is comparably weak, as is quantitatively expressed by a reduction of the lifetime through LOF by only 10–15%.
The interaction between the stress fields from the crack tip and from the LOF-ends can be clearly seen in Fig. 10e and f. When
the crack propagates, it comes closer to the LOF for a while, particularly when originating from the upper toe (A), see Fig. 10f.
In particular this stress field interaction increases the crack tip stress compared to no LOF, Fig. 10b and c, and thus accelerates
the crack and reduces the fatigue life. However, the crack is never initiated from the LOF-tips for the here presented 3 mm
LOF-width (experimentally a LOF-width of 2–3 mm was observed). Only in the hypothetical case of 5 mm LOF, cracks were
initiated from the upper LOF-tip (as being close to the surface). The strongest interaction takes place when the crack is close
to the LOF-tips, as for the upper toe. Both compressive and weak tensile stresses at the LOF-tips attract the crack. The crack
never crossed the LOF, which would have significant impact. Despite good correlation with experiments, e.g. of the crack
shape, as a next step 3D-simulation of the crack propagation is important in order to assess effects along the weld axis.
The numerous (up to eight) crack initiation sites are punctual and thus propagate also in this direction, in particular guided
by surface ripples [12], i.e. the third dimension has a (second order) influence.

The stress distribution from the crack tip (originating from the upper toe, A) to the root is plotted in Fig. 11, both for the
initial and propagated stage, with and without LOF in between. Here the quantitative impact of the LOF (causing two peaks)
and the change to (negative) compressive domains can be well seen. These two stress peaks (C1, C2) originate from the tips
of LOF. They alter the whole stress field, interact with the crack tip and accelerate the crack propagation (all qualitatively
visible but quantitatively only to a weak extent).

Comparison of fatigue life for different crack propagation situations is shown in Fig. 12. Different crack initiation sites are
considered here with/without LOF (C) which are upper toe (A), lower toe (B), weld bead (D). From Fig. 12 (derived via the
Paris-law), it can be clearly seen that due to LOF fatigue life reduces, however only of the order of 10%. Individual cracks
i.e. only A, B and D always show higher fatigue life than combined with C. Among them, cracks from the upper toe even with
LOF show longer fatigue life than any other crack combination, as reported previously [12]. It is worthwhile to note the sig-
nificantly higher lifetime from upper toe cracking which can be an important design criterion (avoid small radii in the lower
weld toe).

Four numerically simulated fatigue lives for the as welded conditions at selected nominal stress ranges are inserted in
Fig. 4 for comparison with the (scattering) values derived from the fatigue testing experiments. Numerically predicted values
were calculated by using LEFM. The local weld geometry and crack growth data used were the average values and a 0.1 mm
long initial line crack is assumed as a starting crack at the weld toe. From Fig. 4 it can be seen that numerically predicted
values are in good coincidence with the experimental values. The crack initiation period and threshold effects could have
an influence on the fatigue life prediction at cycles larger than 106 cycles. The extrapolated value from experimentally ob-
tained data for mean fatigue strength for all as-welded specimens is 141 MPa while the numerical value is 137 MPa (Table 4)
and, thus, is in good agreement.

Fig. 9. Comparison of the simulated and experimental cross section of the crack (upper toe, LOF).
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6. Phenomenological description

In order to facilitate knowledge transfer we illustrate part of the above discussed findings phenomenologically in Fig. 13.
Cracking is initiated at the maximum stress concentration location from loading (residual stress is not shown here but
should have superimposing impact), usually in the lower weld toe, propagating normal to the surface downwards, but then
(following the stress gradients) gradually bending towards the root (that itself is uncritical, as under compressive stress
here). The two edges of a possible LOF are mainly under compressive stress and rarely initiate cracks, but they interact with
the propagating crack by enhancing its peak stress and accelerating propagation.

LOF can be lack of side wall fusion or lack of inter-run fusion which usually occurs in butt and fillet welds. Under a bend-
ing load situation, internal weld defects (LOF) will not significantly affect the fatigue behaviour if the LOF is in the middle.

Fig. 10. Simulated normal stress field (in MPa, domains >10 MPa are cut off here) across the weld (toe radii 1 mm): (a) initially, no LOF, (b) after lower toe
cracking, no LOF, (c) after upper toe cracking, no LOF, (d) initially, LOF, (e) after lower toe cracking, LOF, (f) after upper toe cracking, LOF.

Fig. 11. Normal stress flow (in MPa) along the direct path from the crack tip (upper toe case, A) to the root (E), initially and after 2.5 mm crack propagation,
with and without LOF (C).
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Cracks can initiate and propagate if the position of LOF is near to the weld top or root under bending load. In case of tensile
fatigue loading, there is higher risk for crack initiation from LOF [41].

The findings can be generalized as follows. For fatigue bending load situations of similar joint types (e.g. butt or fillet
joints) the weld root geometry will have no impact on fatigue life due to the compressive stress situation whereas upper
weld surface and internal defects play a significant role. Internal discontinuities like pores or entrapped oxides basically will
have a similarly weak impact (enhanced stress field, slight acceleration and deviation of crack propagation) as LOF, but their
different geometrical size and details need to be considered accordingly. Mainly, the more constrained the stress field be-
comes according to geometry and corners, the more critical become the peak stresses and crack acceleration (usually starting
normal to a surface location with stress peak/defect). It can be concluded that the geometrical aspects of the weld geometry
and of defects need to be judged and quantified accordingly.

7. Conclusions

Fatigue crack propagation of a laser hybrid welded eccentric fillet joint has been studied for four point bending load
conditions using linear elastic fracture mechanics. The internal weld defect, lack of fusion, is introduced in the linear elastic

Fig. 12. Fatigue life comparison for different crack situations.

Fig. 13. Theoretical description of the competing mechanisms (a) during fatigue load of an eccentric hybrid weld with LOF, determining stress raising; (b)
incremental crack propagation.
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fracture mechanics analysis, as well as surface weld defects. Fatigue testing is evaluated by the nominal stress method. The
conclusions are as follows:
– In good agreement between simulation and experiments, the crack first propagates normal to the local weld surface, pref-
erably at the lower toe, but then gradually bends to the root.

– Lack of fusion frequently occurs for this kind of weld, however, is not so critical to initiate cracking when under compres-
sive stress from loading. When a crack propagates closer to lack of fusion, the interaction increases the stress around the
crack and accelerates propagation, slightly (<10%) reducing the fatigue life for the case studied here.

– Higher slope (m = 3.16) of the S–N curves was obtained for hybrid laser welded eccentric fillet joints than the correspond-
ing standard (for gas metal arc welding, m = 3) which indicates longer fatigue life of hybrid laser welded joints.
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a b s t r a c t

Two-dimensional elastic–plastic finite element analyses was carried out on a laser welded box beam in
order to study the impact of the geometrical aspects of the joint type and weld root on the fatigue stress
behaviour. Different experimental and hypothetical weld geometries were studied. Characteristic root
shapes, measured by the plastic replica method, and critical geometrical aspects were classified and then
studied by FE-analysis with respect to their impact on the maximum stress. The simulation of hypothet-
ical transition geometries facilitated the identification of trends and the explanation of part of the phe-
nomena. However, quantitative geometry criteria were only partially suitable to describe the relations.
The results have shown that the combination of throat depth, local surface radius and its opening angle
determines the peak stress value and its location. Beside extended throat depths, particularly larger toe
radii and the avoidance of small opening angles and of surface ripples reduces the peak stress. The expla-
nations were developed in a generalising manner, accompanied by illustrative and flow chart description.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Welding often has a strong impact on the product value. High
quality of the weld for avoiding failure is prerequisite, but a com-
plex issue that needs improved understanding. The weld quality is
directly influenced by the process parameters; therefore, welding
can be considered as a multi-input multi-output process. A com-
mon problem faced is the control of the process via the input
parameters to obtain an acceptable welded joint with the required
weld geometry and weld quality and with minimum detrimental
residual stresses and distortion. It can be divided into research of
the influence of the parameters on the process and on the resulting
weld quality, and into research on the weld under mechanical load
from which the quality standard can be derived and specified. This
paper focuses on the latter, but also links to the former. As research
is commonly conducted case-specific, it is often difficult to inter-
pret and use the results for other applications, both qualitatively
and quantitatively. Although the here presented study is also
case-based, it tries to develop approaches for generalising the find-
ings and the explanations behind.

During laser welding, the beam is focused onto the substrate
material where its high power density enables to drill a vapour
capillary where the beam energy is absorbed over depth, thus typ-
ically creating a deep, narrow weld [1]. Laser welding has progres-
sively attracted the attention of engineers during the last decades

for its many advantages over more traditional technologies, but
suffers from difficulties in controlling the process quality. How-
ever, the laser weld quality is often difficult to control because
the complex process can be highly sensitive and is not fully under-
stood yet. Also the quality standard specifications are not satisfac-
tory yet [2,3]. The laser weld geometry is mainly dependent on the
parameters welding speed, laser power, focal plane position,
shielding gas type/flow and the joint gap [4]. Variation of the main
process parameters (power, speed) has a strong effect on the bead
profile (width, penetration depth, melted area) [5,6]. E.g. relation-
ships between the focal point position, laser power, welding speed
and the responses of tensile and impact strength (stainless steel)
were established [7], similarly about the shielding gas for alumin-
ium [8]. The effect of laser beam angle, focal point position and fo-
cal depth on the weld top and root geometry was systematically
studied [9] as a base for the present stress analysis.

The particular technique of hybrid laser-arc welding combines
the advantages of laser and arc welding (simultaneously operated),
producing deep penetration welds (laser), yet at the same time
having an improved tolerance to joint fit-up (burning arc wire-
electrode) [10]. From a fundamental analysis of hybrid welds it
was shown that sharp root edges lower the impact strength, thus
a gap with a rounded root is even favourable to a zero-gap situa-
tion [11]. Other works about the effects of the interaction of weld-
ing speed and wire feed rate on penetration are examined in
[12,13].

Fatigue life is a combination of crack initiation and propagation
stages [14] (followed by the fast failure stage). It usually depends
on the weld geometry, e.g. toe radii, root radii, weld angle and de-

0261-3069/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.matdes.2010.12.031

⇑ Corresponding author. Tel.: +46 (0)920 493917.
E-mail addresses: minhaj.alam@ltu.se (M.M. Alam), jan.karlsson@ltu.se (J.

Karlsson), alexander.kaplan@ltu.se (A.F.H. Kaplan).

Materials and Design 32 (2011) 1814–1823

Contents lists available at ScienceDirect

Materials and Design

journal homepage: www.elsevier .com/locate /matdes



fects e.g. lack of penetration, cold laps, etc. [15–18]. Finite Element
Analysis (FEA) for predicting the fatigue life was e.g. done by Nyka-
nen et al. [19] who investigated the effect of weld size and joint
dimension ratio on fatigue strength by 2D linear elastic fracture
mechanics analysis. Remes [20] carried out elastic–plastic FE sim-
ulation to predict fatigue crack initiation on different weld joint
geometries. A series of crack initiation and propagation analysis
is carried out by measuring the weld geometry and assuming ini-
tial weld defects with the help of FE stress analysis in [21–25].

Laser welding and hybrid laser welding both can improve the
weld top and root geometry (and the metallurgy and Heat Affected
Zone), increasing the mechanical strength compared to tradition
arc welding [26–28]. A comprehensive literature survey on fatigue
analysis and fracture mechanics of welded joints can be found in
[29].

Experimental and theoretical investigations on the geometrical
aspects for stress raisers obtained by hybrid laser welding of eccen-
tric joints [30] have shown that the peak stress and in turn fatigue
cracking depends on a competition between throat thickness and
surface (toe) radius, but also surface roughness (weld ripples) in
the tensile region [31], being a base upon which the present paper
builds.

The present study of manifold laser weld geometries aims at
improved understanding of the interacting geometrical causes for

the value and location of the peak stress (initiating fatigue crack-
ing). Through accompanying FEA by generalising analysis and by
systematic and graphical documentation and guidelines (e.g. the
transition from one weld geometry category to another), we try
to provide applicability of the findings to a much wider range of
joint and root design.

2. Methodology

2.1. Methodological approach

For a high strength steel beamer four similar joint types A–D
with the same load situation, were studied and compared see
Fig. 1, also with respect to the similar situation E, published earlier
[32].

The box beamer, that can have a length of several meters, con-
sists of four identical laser welds at the four corners. The different
joints offer different advantages. The full penetration for Joint A
represents a compact geometry, but is over dimensioned. Joint B
provides both, a suitable throat depth and a notch-free root, and
in a modified version C with filler wire its top geometry can be
shaped, too. Joint D maintains an outer rectangular shape, but
proper dimensioning of the welding depth same as the side plate
thickness leads to a notch-character root. In service the beamer

Fig. 1. Cross section with force F and the laser beam arrangement of four joint types A–D of the structural beamer studied and of a comparable Joint E published earlier; photo
of a welded box beamer, with Joint A.
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experiences a complex load, in the present study simplified by an
inclined force at the upper left corner. This reduces the 3D-prob-
lem to the 2D-cross section where two corners experience widen-
ing of the 90�-angle, the other two an angle compression, which
gives much basic insight into the load behaviour.

Joint E bears geometrical similarities in dimension, shape and
load, although resulting from laser hybrid welding of stainless
steel, and to be compared upside down. As the focus of that study
[28] was different (impact of roughness and lack of fusion, crack
propagation), it was an interesting challenge to mutually transfer
the findings with the present research results.

From the weld surface geometries resulting from experiments
for joint type A, [9] five representative root geometries of different
categories were selected. In addition, several hypothetical root
dimensions describing the transition from one category to the other
were defined. Joints B and C have the same root characteristics as A,
thus the same root shapes can be assumed, while for the different
root in D we compare a sharp root with a semi-circular shape. The
top of Case E is compared to the roots A–D, as its load orientation
is inverted, for comparing the essential tensile stress location. Linear
FE-analysis of the stress field was carried out. In particular the peak
stress values and their locations were compared.

The above roots were divided into several root classes. In order
to generalise the results it was important to understand the transi-
tion from one root class to another, which was possible by FE-anal-
ysis of intermediate geometry steps defined. Moreover, sensitivity
studies of certain key dimensions were conducted for quantitative
discussion of essential geometrical properties.

Basic geometry criteria (throat depth, called anchors, curvature
radii and angles) governing the maximum stress were then formu-
lated, being stress raiser indicators. For the manifold cases com-
puted, the trends for the maximum stress depending on the joint
and root geometry were then compared to calculated indicator val-
ues in order to analyse the responsible mechanisms and geometri-
cal details.

One important aim of the research was to generalise the results
in order to make them applicable to similar welding situations.

This is a particular challenge, as the generation of stress fields is
a highly non-linear mechanism and the strongly geometry-depen-
dent causes (similar to fluid flow) can hardly be isolated. The illus-
trative description of the results is regarded as an important
method to facilitate transferring the knowledge and guidelines to
the reader and to support the reader in applying the findings to
other applications and in extending the knowledge in a unified
manner by developing the illustrated results further. For this pur-
pose: (i) the different geometries were arranged in a scaled dia-
gram by comparing their peak stress, (ii) the stress distribution
field was illustrated for a typical geometry, emphasizing its basic
governing details, (iii) different joint and root types were drawn
and properly arranged, including key anchors governing the joint
types and similar shapes describing the transfer between the roots,
(iv) a flow chart was developed to plot the essential criteria for
lowering the peak stress.

The flow chart approach is based on a recently developed meth-
od for illustrating, documenting, and standardising the findings
from analysis of the welding process, called the Bifurcation Flow
Chart, BFC [33]. The BFC turned out to be suitable for documenting
the causes and phenomena responsible whether a certain welding
defect occurs or not, thus a digital bifurcation. An extension, the
Matric Flow Chart, MFC, was developed and applied in the accom-
panying paper [9], illustrating how the five different root types (for
Joint A) result depending on the laser welding parameters (to be
shown below). In both charts types, high speed imaging findings
can be incorporated as additional information. When trying to ap-
ply the BFC to the stress analysis (instead of the welding process)
for the first time, it turned out that a different chart is required
here, as the goal is continuous (reducing the peak stress as much
as possible) instead of digital (suppressing a weld defect). There-
fore, the Tuning Flow Chart, called TFC, was developed, shown in
Fig. 2 and applied later. It enables to document which (geometri-
cal) weld property change reduces the peak stress and how differ-
ent property trends act as combination.

Fig. 2. Basic structure of the Tuning Flow Chart.

Table 3
Laser and hybrid laser welding parameters.

Parameter Laser welding Hybrid laser

Joint A Joints B–D Joint E

Laser beam power 15 kW 5 kW 3.25 kW
Welding speed 2.5 m/min 5 m/min 1.05 m/min
Laser beam angle, a 5� or 10� 10� 10�
Focal length 500 mm 500 mm 300 mm
Rayleigh length ±8 mm ±8 mm ±4 mm
Focal spot diameter 667 lm 667 lm 400 lm

Table 1
Chemical composition [wt.%] of the materials used (sheets, filler wire).

Joint/material C Si Mn Cr Ni P S N Al

A–D: Domex 700 (6 mm thick) 0.12 0.10 2.10 – – 0.025 0.010 – 0.015
A–D: Weldox 960 (15 mm thick) 0.20 0.50 1.60 0.70 1.5 0.02 0.010 0.015 0.018
E: S142333 (sheets, 10 mm) 0.05 1.0 2.0 19.0 11.0 0.045 0.030 – –
E: Avesta 253MA (filler wire) 0.07 1.6 0.6 21.0 10.0 – – 0.15 –

Table 2
Mechanical properties of the materials used.

Joint/material Rp0.2 (N/mm2) Rm (N/mm2) A5 (%) Hardness (HB)
min min max

A–D: Domex 700 (6 mm) 700 750 12 270
A–D: Weldox 960 (15 mm) 960 980 12 320
E: SS142333 (sheets) 210 490–690 45 200
E: Avesta 253MA (wire) 440 680 38 210
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For Joint A it is demonstrated how these guidelines in combina-
tion with the corresponding MFC [9] enable to trace back (through
the weld shape as the interface between TFC and MFC) which
welding parameters need to be changed to lower the stress of
the product in service.

Eventually, guidelines accompanied by explanations on how to
choose joints and roots for lowering the peak stress (slowing down
fatigue cracking initiation and increasing the fatigue life) are pro-

vided for the here studied case, but hopefully suitable for a much
wider spectrum of applications.

2.2. Welding set-up

The beamer (Joints A–D) consists of high strength steel Domex
700 (6 mm side plates) and Weldox 960 (15 mm horizontal plates).
An Ytterbium Fiber Laser (YLR 15000, IPG Laser) with a maximum

Fig. 3. Typical laser weld cross section for (a) Joint A (after laser welding); (b) Joint D (upside down, after laser hybrid welding and fatigue testing) and (c) as a function of
parameters for Joint A; the five selected roots are assigned i–v; (d) MFC for the process parameters (Joint A) leading to root classes i–v.
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power of 15 kW (wavelength 1070 nm) and a beam parameters
product of 10.4 mmmrad, delivered through a 200 lm fiber core,
was used for the experiments. For Joint A, the results from a deeper
study of the resulting weld (e.g. hardness) depending on the
parameters can be found in [9]. For the hybrid laser welded Joint
E, where the laser was combined with a MIG-welding source (for
joint, load and process parameter details see [28]), structural stain-
less steel SS142333 was used and a 1.2 mm thick filler wire was
added. The chemical composition and mechanical properties for
the materials applied are summarized in Tables 1 and 2. The
parameters concerning the experimental welding set up are shown
in Table 3 (Joints B–D: planned parameters). All experiments have
in common Ar as the shielding gas, at a flow rate of 20 l/min.

2.3. Numerical stress analysis

In order to calculate the stress field in the weld root, stress anal-
ysis was carried out with the FEM using the ANSYS 11 software. An
elastic–plastic 2D-model was applied, with the assumption of tri-
angle plane strain. 30,000 elements of 6-nodes quadrilateral type
were used, with mesh refinement around the root regions for joint

types A–D (for Joint E see [28]). The element size near the root re-
gion was 0.03 mm and 1 mm in the base metal. The mesh element
size around the root region started from 0.5 mm was and refined
until the stress no more changed significantly. An element size of
less than 0.03 mm around the root was sufficiently fine to have
no more effect. A unit load of 1 kN was applied for joint types A–
D which was 10� tilted from the horizontal plate, see Fig. 1. The
quantitative real load situation was not essential here, as the load
situation studied is a simplified approach, representative for open-
ing of the corner, which happens in practice. The aim was to judge
different geometries for this opening tendency (and closing at the
opposite corner). Homogeneous material properties are assumed.
In the FE model the materials were considered isotropic with
Young’s modulus E = 210 GPa and a Poisson ratio of 0.3. The weld
material was assumed to have the same elastic properties as the
base metal.

3. Results and discussion

Typical weld cross sections obtained are shown in Fig. 3a for
Joint B and in Fig. 3b for Joint E, the later after fatigue testing, thus
with a propagated crack.

A systematic survey on a series of experimental weld cross sec-
tion (Joint A) for variation of different parameters (speed v, beam
angle h, lateral beam positioning y, focal plane position z0) is shown
in Fig. 3c. As can be seen, the weld geometry, in particular the top
and root shape varies significantly. For the here studied load situ-
ation (angular momentum opening the joint corner) the weld top is
under compressive stress and thus not critical to initiate fatigue
cracking, in contrast to the root. Therefore five characteristic root
shapes were selected for detailed study, numbered i–v in Fig. 3c.
A publication on a comprehensive study of all shown weld cross
sections for Joint A and corresponding classification of the shapes
(accompanied by high speed images of the weld pool) is described
in [9].

The dependency of the root classes on the welding parameters
is formulated by an MFC in Fig. 3d. The connected lines correspond
to optimization guidelines according to the below presented find-
ings when comparing the root categories, as will be discussed later.
Important is the graphical formulation of the findings in a manner
suitable for later extension.

Joints B–D was not welded yet, as the present study aims at
supporting their understanding, planning and preparation. The
experimental results for Case E are published and described in de-
tail in [28].

3.1. Stress simulation results

3.1.1. Basic FEA results
Fig 4 shows the von Mises stress field computed by FEA for the

whole beamer cross section (here: Joint C, root type i) and Fig. 4b
shows the corresponding 1st principal stress field. The top dis-
placement (about 4 mm) through deformation can be seen, too.
Most of the beamer cross section remains at low stress. While
the lower left and upper right corner roots, Fig. 4d, experience
compressive stress (of low magnitude), significant tensile stress
raising takes place at the lower right and upper left corner roots,
Fig. 4c. Due to the comparatively thick horizontal plates and their
stiffness the stress remains low at the outer boundaries for the
present load conditions. Owing to these trends, in the following
only the roots of the upper left corner as the most critical location
for initiating fatigue cracking will be studied in detail (well repre-
senting the lower right corner, too).

Fig. 4. Calculated stress field across the beamer (Joint C, Root i): (a) von Mises
stress, (b) 1st principal stress; magnification (1st principal stress, in MPa) of (c) the
left upper root and (d) the right upper root.
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3.1.2. FEA results for the different cases
The stress field was computed by FEA for the five selected

experimental roots for the three joint types A–C (similar to B),
for two roots for the joint type D, see the root stress fields in
Fig. 5a–c, and for different radii and roughness for the joint type
E [28], e.g. Fig. 5d (viii: weld top, smooth surface; ix: weld top low-
er toe, rough surface), moreover for 13 hypothetical roots describ-
ing transitions between the different root types. For completion:
The maximum stress for Joint C, not shown here, is: Root i
873 MPa, ii 698 MPa, iii 585 MPa, iv 721 MPa and v 891 MPa.

Although a stress peak in the corners can be anticipated, the de-
tailed analysis is in some cases non-trivial, particularly the com-
parison between the cases. From detailed quantitative analysis of
the computed stress fields it was partially possible to identify
and separate the responsible dimensions and mechanisms; the
location of maximum stress is a combination of the shortest an-
chors and smallest curvatures. In particular, slight offset from the
original joint corner (equivalent root case v) modifies the anchor
length, which can have a significant impact in either direction.
The root types i–iii have two valleys – it is not always obvious
which causes the higher stress. Fig. 6a shows the stress distribution
along the horizontal and vertical anchor paths for Root iii for Joints
A and B. Far from the peak location there is no indication about
which of the two joints leads to the higher stress, i.e. the lower im-
pact from the 15 mm anchor is not obvious. Merely about 1–2 mm
close to the peak, the stress for Joint B increases stronger. The
stress across the five weld root surfaces is plotted in Fig. 6b for
Joint A and in Fig. 6c for Joint B. As can be seen, sharp corners lead
to steep stress transitions while rounded shapes have a smoother,
but not necessarily lower stress distribution. The numerical results
for the sharp Root i and its small radii transitions showed numer-
ical irregularities and has to be associated with uncertainties.

Several phenomena should be highlighted. For Root ii the max-
imum stress is located at the left lower corner for Joint A but at the
right upper corner for Joint B, as can be explained by the short sec-
ondary anchor for the latter (for the here applied dimensions, not
in general). The importance of the opening angle has to be consid-
ered, being of significance for Roots i and iii. From Case E, studied
extensively earlier, [28] important findings are that beside the
toe radius and angle also the surface roughness (its local curva-
tures) contributes significantly while Lack of Fusion as a severely
appearing defect hardly had an impact (10% lowered fatigue life)
when experiencing compressed conditions.

The different joint and root geometries studied generate the fol-
lowing peak stress trends; Joint A enables the lowest stress but is
over dimensioned (15 mmweld), since still the thinner 6 mm plate
is determining. However, in contrast to a 6 mm weld (Joint D) the
full penetration of Joint A enables better root geometry control in
practice. This is similarly important, as for Joint D the stress is more
sensitive to the root shape than to the throat depth because small
root radii over proportionally guide and enhance stress. Similarly,
Joints B and C have practical advantages of root shaping compared
to Joint D, despite similar throat depth. Joint C provides additional
throat depth (reinforcement) compared to Joint B as well as larger
top toe angles and radii and is therefore favourable, but its filler
wire addition requires extra efforts.

With respect to the root, a sharp corner (root v, regarded as the
reference geometry) leads to highest peak stress because it neither
provides extra throat depth nor a smooth radius. For curved cor-
ners the stress correspondingly decreases. Similarly, sharp geome-
try is experienced for Root i, but the extra material slightly relaxes
the stress field. Much more preferable is a slight undercut, hence
the reduced throat depth is more than compensated by the redis-
tributing large surface radii. Roots ii and iii behave rather equal

Fig. 5. Calculated 1st principal stress field (and peak values) at the upper left corner root: (a) Case A, roots i–v, (b) Case B, roots i–v, (c) Case D, roots vi, vii, (d) Case E (Refs.
[29,30,32]), top viii, ix.
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as they even combine both advantages of extended throat depth
and large radii.

From the geometry several determining criteria K can be de-
rived that can be applied as qualitative and quantitative indicators
(or guidelines) for judging joint geometries and root shapes. The

primary anchor length (shortest throat thickness) S1 can be com-
bined with the secondary anchor length S2 as stress raiser indicator
as follows:

KS ¼ 1
S1

þ 1
S2

ð1Þ

The radius describing the curvature of the root surface (here:
only cross section-plane) at a certain location results from

RðnÞ ¼ � 1þ @1
@n

� �2
" #3=2

@1
@n

� ��1

ð2Þ

where n is the coordinate along the root surface (cross section)
while f is the coordinate normal to the surface. The minimum ra-
dius is the key criterion applied for the equations, except where a
shorter anchor length S takes over. Beside the main curvature, if sig-
nificant surface roughness profiles occur (e.g. ripples [28]) the same
equation can be applied, resulting in a local value r, competing with
R, which can be formulated as follows:

KR ¼ 1
R
þ 1

r
ð3Þ

The opening angle b, identified as an important contribution,
too, is here defined by the locations where the curvature changes
sign or transfers to a straight line.

Kb ¼ 1
b

ð4Þ

Eq. (4) can fail due to a singularity for parallel walls as in Joint D.
A combination of the above stress raisers is:

Ktot ¼ K5bKSKR ¼ 1
b

1
S1

þ 1
S2

� �
1
R
þ 1

r

� �
ð5Þ

The above formulations basically describe the trends experi-
enced from the FE-simulations, both in a qualitative and to some
extent in a quantitative manner, although of course not accurately,
only indicative. Further modelling could introduce a weighting po-
tency for each contribution, e.g. a potency p for the curvature:

KRp ¼ R�p ð6Þ
For Joint A, the dimensions of the roots studied, including be-

side the five experimental shapes also six of the hypothetical
shapes for describing the transitions between them are listed in Ta-
ble 4 along with the above derived stress raising factors K. For the
sharp corners i and v transitions with limited rather than zero radii
were studied to avoid the singularity in Eq. (1).

Although the above criteria K widely indicate the trends, the
quantitative prediction of the maximum stress (e.g. the ratio be-
tween any two peak values) is unsatisfactory, due to the strongly
non-linear mechanisms and interactions. For example even for
the less complex root shape v, the influence of the corner radius
cannot be described sufficiently. In the last column the best fitting
potency, p = 0.3 was applied to Eq. (6), providing better relations
but still overestimating small radii.

The stress peak values obtained from FEA can be compared in
an illustrating scale diagram, see Fig. 7, by arranging the different
joint cases and roots, including the hypothetical transition cases
studied.

Widely the trends, i.e. the change of the stress peak when com-
paring one geometry to another, follow the above formulated crite-
ria and can thus be explained. For the sharp corner Root i too low
values result, probably due to meshing difficulties, but the asymp-
totic trend of reduced curvature towards a corner confirms the ex-
pected trend, namely that a smaller radius enhances the peak
stress. In particular towards a sharp corner a higher stress is gen-
erated compared to the other root types. For Joint D a sensitivity

Fig. 6. Stress (1st principal) distribution: (a) along the horizontal and vertical
anchors comparing two cases; across the root surface (starting from left lower) for
the five roots for (b) Joint A and (c) Joint B.

1820 M.M. Alam et al. /Materials and Design 32 (2011) 1814–1823



study of the weld throat depth was conducted, providing a quanti-
tative sensitivity measure.

The simplified 2D-model and load situation leads to quantita-
tive differences to the real load case, which were discussed sepa-

rately. The goal was to achieve with a simplified, manageable
model representative trends from FEA on the root geometry, like
the increased peak stress from sharp corners and small opening an-
gle. For root (i) the very sharp corner was difficult to mesh properly
but as soon as it was approached by a small radius it could be accu-
rately computed with an acceptable mesh, leading to the expected
trends and values.

3.2. Generalised formulation of the trends

By developing additional illustrative approaches, we try to sup-
port the understanding of the findings for the reader and the trans-
fer to other applications. The comparison of different geometries is
handled by looking at intermediate shapes, followed by studying
how the essential stress raisers change when geometrical key
properties change. The above expressions (1), (3)–(5) are one ap-
proach for describing the conditions, with Eq. (6) as a more sophis-
ticated formulation. The main mechanisms contributing as stress
raisers (for the here studied shapes), governed by the anchor
lengths, surface radii and opening angles (including roughness)
are illustrated in Fig. 8.

The impact of different anchors is illustrated in Fig. 9a, high-
lighting the varying impact of the secondary anchor. Two hypo-
thetical joint types are added to illustrate how the approach/
guidelines can be transferred in a more general manner.

The curvature and opening angle of the root is illustrated in
Fig. 9b, in particular the shapes describing the transition from one
root to another. Essential is the surface curvature and the opening

Table 4
Maximum stress rmax computed by FEA, main dimensions and derived stress raiser indicators K (normalized to Root i) for Joint A for the five experimental root types i–v and for
hypothetical transition root shapes with similar dimensions.

Root rmax S1 S2 R b KS KR Kb Ktot rmax KR0.3

MPa mm mm mm � 1 1 1 1 1 1

i 819 5.83 15.3 0.05 30 1.000 1.000 1.000 1.000 1.000
ii 492 5.83 16.6 0.25 150 0.978 0.200 0.200 0.039 0.601
iii 573 5.87 15.4 0.45 90 0.993 0.111 0.333 0.037 0.700
iv 579 5.93 14.5 0.44 45 1.002 0.114 0.667 0.076 0.707
v 840 5.83 15.0 0.05 90 1.006 1.000 0.333 0.335 1.026 1.00
ii 525 5.87 15.5 0.33 91 0.992 0.152 0.330 0.050 0.641
ii 510 5.86 15.5 0.33 104 0.993 0.152 0.288 0.043 0.623
ii 501 5.86 15.5 0.33 114 0.993 0.152 0.263 0.040 0.612
v 833 5.86 15.3 0.10 90 1.006 0.500 0.333 0.168 1.017 0.81
v 680 5.90 15.7 0.25 90 1.006 0.200 0.333 0.067 0.830 0.62
v 391 6.12 15.8 1.00 90 1.006 0.050 0.333 0.017 0.477 0.41

Fig. 7. 1st principle peak stress values (root of the upper corners) for the different cases.

Fig. 8. Illustration of the geometry-dependent trends of the stress distribution
(angular momentum load) governed by the joint anchors and by the surface
curvature.
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angle, however for the corresponding anchor lengths, particularly
for more complex root shapes like i and iii, with two maxima.

The here developed TFC, described above, documenting the
findings of the present study is shown in Fig. 10. It describes
how different geometrical properties can lower the peak stress.
These methods aim at extension by findings from other research
in order to gradually accomplish a comprehensive picture of the
essential mechanisms for a wide range of conditions, to be applica-
ble for a wide range of situations. One example applied here are the
findings from a different case and publication, Case E [28]. The TFC
can be directly applied to the quantitative cases, leading to the root
classes that in turn can be connected to the process parameters
through the corresponding MFC, Fig. 3d (for Joint A), thus the
charts enable combination of the findings, e.g. which parameter
to change to achieve the favoured Root ii.

For the present study, the optimum conditions with respect to
long fatigue life, i.e. low peak stress are Joint A, however, over
dimensioned (avoiding a significant secondary anchor), combined
with Root ii (well defined, controllable shape) or Root iii (lower
stress, but less controllable shape). These roots offer smooth tran-
sitions (small angle, large radius) and additional anchor lengthen-
ing. For proper dimensioning, Joint B is recommended (rather than
Joint C that requires filler wire), while Joint D would require mea-
sures to avoid zero gap.

4. Conclusions

From the numerical study of the stress field of four laser weld-
ing joint geometries and manifold similar surface geometries the
following conclusions can be drawn:

(i) The combination of throat depths (anchors), local surface
radius (including roughness and sharp corners) and its open-

ing angle determines the peak stress value and its location, as
was shown for a series of joint types and root shapes studied.

(ii) Basic criteria, derived from inverting the above key geomet-
rical properties, widely explained the qualitative trends, but
only to a limited extent the quantitative relations when
comparing the stress peaks of different cases; the interacting
origins are difficult to separate, even in the simulated stress
field data, except when conducting sensitivity studies.

(iii) Little surface radii, small opening angles or sharp corners
(e.g. at the root or by surface ripples) can attract the maxi-
mum stress to a different location than the minimum throat
depth location; large radii and the avoidance of sharp cor-
ners, of ripples or of small opening angles are highly efficient
design guidelines for lowering the stress.

(iv) Illustration of the main geometrical aspects and of the stress
distribution is a suitable tool for qualitative stress analysis of
different joint and surface geometries, particularly for the
transition between similar kinds; a modified flow chart
method was developed for formulating and documenting
the findings, suitable for extension.
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Abstract  

Hybrid laser arc welding creates a long weld pool tail. By high speed imaging the melt velocity behind 
the keyhole was measured to be very high, of the order of meters per second. Fluid dynamics simulation 
was carried out locally in the central axial plane of the pool tail. The high speed melt layer redistributes 
its momentum to slow movement of the deeper bulk. The consequences of initially high melt speed and 
its mass flow redistribution on the formation of the central reinforcement peak are discussed. 
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1.  Introduction 
 
Hybrid laser arc welding (HLAW) combines two heat sources with different physical properties and 
mechanisms, namely laser welding and MAG-arc welding, combining their complementary advantages 
but also their complexity [1]. The occurrence of defects like undercuts has direct impact on the quality 
and strength of the welded joint [2]. Different types of undercuts can be distinguished, e.g. curved, crack-
like and micro-flaw types. Figure 1(a) shows a typical curved undercut from HLAW, while Fig. 1(b) 
shows the scanned three-dimensional surface topology of the weld with a distinct top reinforcement 
accompanied by an undercut. The mechanisms of the formation of two types of undercuts during HLAW 
process were deeper analyzed by high speed photography and micrography [3]. 

Nowadays the complex flow conditions in the arc, keyhole and melt pool in HLAW have been studied 
by high speed photography [3], e.g. different drop flight trajectories for leading or trailing arc, with or 
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without gap [4,5]. Streak imaging was recently developed [6] to estimate the melt speed distribution at the 
front centreline of the keyhole during laser welding but also to measure the surface velocity along the 
melt pool during HLAW [4]. This is a valuable input for further numerical analysis in the present study 
into the pool depth, which is otherwise only accessible by special X-ray transmission imaging.       

Comprehensive numerical simulations of the weld pool flow during laser beam welding (LBW) [7] 
and hybrid welding [8-11] were carried out by Computational Fluid Dynamics, (CFD), accepting 
uncertainties in the boundary conditions. Transport phenomena and absorption mechanisms during hybrid 
laser-MIG welding were modelled [8]. A 3D heat transfer and fluid flow model was developed [9] to 
study the hybrid laser-GTA welding process. A VOF (Volume of Fluids) model was established [10] to 
explain humping in HLAW. A comprehensive numerical model of the molten pool in GMA-laser hybrid 
welding [11] enabled to describe complex flow patterns. All above models revealed complicated 
phenomena during hybrid laser welding globally, keeping the complexity and uncertainty high, but they 
did not focus locally on specific areas to dig out the detailed information. To reduce uncertainties, 
simplified numerical analysis to understand phenomena in a local zone is done in the present work.  

So far, from high speed imaging and numerical simulations a better understanding of the geometry 
and of certain flow phenomena during LHAW has been achieved. Many phenomena have hardly been 
studied in an explicit manner, e.g. undercut formation and the competition between sub-mechanisms.  

Therefore we recently studied [3, 4] the melt pool flow during HLAW (with leading arc) in more 
detail, including an explicit description, see Fig. 1(c). The surface flow is a sequence of (i) accelerating 
the melt to a thin, fast layer in the leading pool (gouge) by the magnetic force of the pulsed arc, followed 
by (ii) the addition of the impinging melt drop, trying to adhere at the gouge walls, (iii) then gradual 
resolidification laterally inwards, where possible undercut formation starts, followed (iv) by the keyhole 
in the centre, to be passed by the central flow, and a long, narrow weld pool tail (caused mainly by the  
laser beam) where the melt behind the keyhole is at high speed and depressed, gradually emerging to 
form the central peak, simultaneously with resolidification from the sides. For this basic reference 
mechanism, in [4] the impact of geometrical joint edge variations was studied. Eventually, the central 
peak and undercuts result from redistribution of geometry and mass, through the melt flow, from the 
initial joint geometry and from drop addition. The here presented study extends this qualitative 
understanding by quantitative analysis of the melt flow into depth. 
Here, initially the long weld pool tail is observed by high speed imaging, including measurement of the 
surface velocity distribution along the centreline. Due to the discovery of very high melt velocity at the 

beginning of the tail, the flow 
behaviour in this important zone is 
studied by simplified CFD-
simulation, particularly into depth. 
From analysis and generalizing of 
the local flow simulation results, 
finally the theoretical findings are 
described and discussed in the wider 
context of the weld pool tail, 
including its weld peak and 
undercut formation. 

Fig. 1. (a) Hybrid laser-arc weld cross section (steel, 8 mm); (b) scanned weld 
surface topology; (c) sketch of the laser-MAG hybrid welding process, 
including the melt pool tail flow and studied zone, weld peak and undercuts  

 
2. Experimental observations 
 

Among a larger series of hybrid welding experiments, a representative situation was chosen as a 
reference for deeper understanding. The selected hybrid laser-MAG welding experiment was carried out 
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using a 15 kW Yb:fibre laser (IPG; BPP 10.4 mm·mrad, fibre diameter 200 m, wavelength 1070 nm), 
operated at 8 kW, together with MAG arc welding (ESAB Aristo LUD450W), operating in pulsed arc 
mode. The laser beam axis was tilted to 7º, trailing. The arc torch was inclined at 52º, leading. The 2:1-
optics focused the laser beam to a 400 m spot (Rayleigh length: ±3.5 mm). More details about the 
process parameters are given in [4]. Plates of high strength steel DOMEX 400 (mill scale removed), 
thickness 10 mm and length 200 mm were welded. Square butt joint edges were laser-cut, for zero-gap.  
During welding, high speed images were taken, see Fig. 2(a). The process was illuminated by a diode 

laser (pw, 500 W peak power), eliminating the process 
light by a narrow band pass (808 nm) camera filter. The 
camera (Redlake HS-X3), observing the process from the 
side, tilted at 45º, was operated at 3000 fps. The images 
were analysed by a new streak technique [6], see Fig. 2(b), 
where the trajectory of the weld pool centreline is plot as a 
function of time. The velocity distribution along the 
centreline can be obtained as the first derivative in time. 
Very high melt flow velocity of the order of meters per 
second was identified at the surface of the melt pool tail, 
just behind the keyhole. This high initial speed, 
v0=1.65 m/s for the trajectory shown in Fig. 2(b) 
(inclination of the red tangential line), slows down to 
welding speed (here vw=0.035 m/s, hence factor 47) in two 
phases A, B towards the solidification end of the tail, 
which will be shown later in a graph. To better understand 
the impact of the high speed on the weld pool tail, the first 
slow down zone, A, highlighted in Fig. 1(c) and 2(a), was 
chosen as the zone to be studied deeper by simulation. 
From statistical evaluation of a series of 23 trajectories [4] 
the top speed v0 varied between 1.0-2.2 m/s. For the 
below simulation we have chosen a top speed of 
v0=1.5 m/s (factor 42 to vw) as a representative case. 

(a) (b) 
Fig. 2. (a) High speed image of the weld pool surface;
(b) extracted streak image showing the central 
trajectories of the weld pool tail; the two slow down
zones A and B are indicated; for one trajectory the top
speed v0 and the final welding speed vw are shown by
red lines 

  
3. Numerical simulation model 
 
The computational domain is divided into two phases/domains: the molten pool tail behind the keyhole 
and the surrounding gas, see Fig. 3 (the solid domain can be ignored for the flow simulation). The 

simulation is reduced to the central (vertical) 
xz-plane in which the observed high melt speed is 
expected to slow down. Once this key phenomenon 
is better understood, geometrically more complex 
computations are planned. The computational 
domain has a length of 30 mm as well as a pool-
length of x3-x0=20 mm, as measured from high 
speed imaging, and an assumed initial depth of 
3 mm. A realistic interface for the resolidification 
front was assumed from earlier simulations. As 
thermodynamics was not considered for the sake of 
simplicity, the front shape remains constant. The 
initial shape of the top surface was described by a 

Fig. 3. Geometry and boundary conditions for the numerical
simulation of the weld pool tail (central plane)  
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simple polygon to approximate the observed long depression followed by a gradual lift to the weld peak 
level. Due to the free boundary model, during the simulation the initial shape gradually develops to the 
final shape. The remaining larger part of the domain is the surrounded gas (here air for simplicity, having 
low impact). The simulation was optimized for a widely uniformly structured mesh composed of around 
5000 hexahedral cells. A refined mesh down to 15 μm resolution has been introduced in the interface 
region between the melt pool and the air.  

To numerically solve the set of Navier-Stokes equations and the VOF, the CFD-code FLUENT 12.1 
was used. As the main goal was the basic understanding of the slowdown of the very high speed, 
temperature dependencies of the properties (e.g. surface tension, viscosity) were not taken into account 
here. The following basic assumptions were applied: Only the weld pool tail is studied, as being a 
downstream process. Starting from assumed initial conditions, the simulation tends to quasi-steady state. 
Heat conduction is not considered; instead a certain solid-liquid interface is assumed as the quasi-steady 
boundary. The computation is reduced to the xz-plane, i.e. to 2D-geometry. Only Zone A just behind the 
keyhole is studied in detail, i.e. less accuracy in the other domains is acceptable. The surrounding gas, 
shielding gas and metal vapour surrounded by air, is described by air, as playing a minor role. All 
material properties are assumed independent of temperature. The molten metal is assumed as an 
incompressible laminar fluid with Newtonian viscosity. A free surface multiphase model was adopted 
where the interphase movement melt-gas was studied.  

The boundary conditions are indicated in Fig. 3. The left boundary is described as an inlet, just behind 
the keyhole position. A prescribed depression was given, assumed z1=1 mm (as indicated from high speed 
imaging), that according with the depth of the melt at the inlet, assumed z2=3 mm, and the measured top 
speed of 1.5 m/s needs to fulfil the mass balance. The mass balance is determined by the welding speed 
vw=35 mm/s and depth z2 as a mass flow (per unit width), vw · z2 = 105 mm2/s. This match is achieved by 
a user defined function (UDF) that was developed to describe the velocity profile in the inlet. As the 
UDF, a 45 μm thin layer was chosen where the top speed v0 gradually drops to the welding speed, below 
this layer remaining constant. Note that for this very high speed and the geometry only such rapid decay 
fulfils the mass balance, so there is limited uncertainty in interpretation. The integral of the velocity inlet 
UDF is equal to the above mass flow. The quasi-steady resolidfication front can be simulated by an outlet 
with horizontal welding speed vw=35 mm/s. A horizontal pressure-outlet condition is defined for the 
outgoing air, keeping the atmospheric air pressure of p=105 Pa. The remaining boundaries are set as walls.  

As initial melt flow field, the inlet UDF (constant over time) was repeated along the tail, geometrically 
adapted in pool height. These initial conditions overestimate the flow top velocity, but are a suitable start 
for convergence and to interpret slowing down the high top speed. Fixed time stepping was applied 
(10,000 times steps of 1 μs, for 10 ms flow evolution). 
 
4. Computed flow field: results and discussion 
 
4.1. Analysis of the first slow-down 
 

A flow field case that is regarded as representative was studied to better understand the phenomena. 
For this reference case a top speed v0 of 1.5 m/s was chosen, according to the typical velocities obtained. 
The welding speed vw is 35 mm/s. The material properties correspond to low C-steel. Fig. 4(a) shows the 
calculated flow field of the weld pool tail in the xz-plane, after 1 ms. A magnification of the studied zone 
is shown in Fig. 4(b). Figure 4(c) shows the velocity field (again magnified) after 5 ms. As can be seen, 
the initially fast top surface layer v(x) rapidly slows down along the tail, see also Fig. 5(b) and the melt 
surface is slightly lifted up, Fig. 5(a), by a wave. The velocity distribution along the central axis of the 
tail, which is derived from the highlighted streak trajectory in Fig. 2(b), is shown in Fig. 5(b) for 
comparison. Here the two slow-down zones mentioned above can be clearly seen, i.e. the very high 
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experimental melt speed of 1.65 m/s in zone A just behind the keyhole rapidly slows down to about 
0.5 m/s, then in the middle of the tail only moderately decays and at the end of the tail in zone B again 
strongly slows down from 300-400 mm/s to the welding speed of 35 mm/s. 

From the simulation, after development of the flow with time, a similarly strong slow-down in zone A 
can be seen. The second slow-down zone B was not studied deeper due to higher flow simulation 
uncertainties at the pool end. The vertical melt velocity profile v(z) is shown in Fig. 6(a)-(c) for three 

locations x and four time steps t. Figure 6(d)-(g) 
also shows the mass flow redistribution vertically 
across the melt, that is here divided into three 
layers, top (z = -1.0 … -1.047 mm), transition (-
1.047… -1.210 mm) and bulk (-1.210 … -3.0 
mm). The height of the bar segments corresponds 
to the vertical integral of the velocity across one 
layer for a certain location x and time t. Due to 
quasi-steady state conditions (as experimentally 
observed, with slight temporal variations in the 
simulation due to the surface wave), the total 
integral is the overall mass flow rate that 
corresponds to the welding speed multiplied by 
its cross section (per unit width, as 2D here), 
shown in Fig. 6(g). The initial conditions that are 
equivalent to the inlet flow, see Fig. 6(a)-(c) for 
t0=0, are shown in Fig. 6(d) as t0=0 for 
comparison. Note that the studied zone starts at a 
depressed z-level while the final weld has a 
reinforcement peak after gradual lift of the melt 
later in the tail, resulting in an additional peak 
layer (1 mm thick) that contains no melt flow in 
the studied zone.  

Fig. 4. Calculated velocity field v(x,z) of the reference case in the 
central xz-plane: (a) vector field after 1 ms; (b) magnified zone 
after1 ms; (c) magnified zone after 5 ms (scale: speed in m/s) 

As can be seen, the initially high velocity rapidly 
slows down. The mass flow is redistributed from 
the thin, fast top layer to the transition layer and 
eventually to the much deeper bulk. The velocity 
in the bulk is not high but still in its upper part 
significantly higher than the welding speed. 
Therefore, due to the large bulk extension the 
overall mass flow remains relatively high, in turn 
keeping the surface level low. Other hypotheses 
were that the pool slows down by rapidly 
becoming higher in z0, or that the inertia keeps 
the thin velocity layer fast for a longer distance 
(as is the case for Marangoni flow, however with 
permanent acceleration). The first hypothesis, of 
transferring the momentum rapidly to the bulk, 
was confirmed while the other two were 
abandoned. Nevertheless, along the long tail the 
surface gradually rises along with slowing down 
the speed – however delayed. 

Fig. 5. (a) Surface geometry 1 and (b) surface velocity 
distribution v(x) along the centreline for four time steps; a 
measured velocity distribution from the experimental streak 
method is also plotted 
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Fig. 6. Calculated vertical melt velocity profile v(z) at (a) position x=2.5 mm;(b) x=5mm; (c) x=7 mm, for 4 time steps, and (d)-(f) 
corresponding redistribution of mass flow (bars show the change from top layer to bulk); (g) mass flow reference for the final weld 
 
4.2. Generalizing proof of the findings 
 

To generalize the findings, the phenomena and trends that were obtained for the above selected case 
were studied and proven to remain similar for different situations. The numerical study is driven by the 
discovery of very high melt speed measured behind the keyhole that ranged from 1.0 m/s to 2.2 m/s, i.e. 
factor 29 to 61 compared to the welding speed (35 mm/s). Hence the influence of the top speed on the 
simulation results was assessed, too, for generalizing the trends. While for the reference simulation 
1.5 m/s was chosen as a representative top speed, a simulation was carried out for half the top speed, i.e. 
v0=0.75 m/s (21 times the welding speed). The UDF for the inlet profile was accordingly adopted 
(flattened, thicker layer) to fulfil the steady state mass balance. The flow field for half the top speed is 
calculated and Fig. 7(a) compares the vertical velocity profile v(z) for the two top speeds (at x=7 mm, for 
t1 and t2) and shows the temporal development of the mass flow redistribution for half the top speed, and 

Fig. 7(b) shows the 
corresponding surface 
velocity distribution 
v(x). Comparison of 
these two speeds and 
their mass flow 
redistributions has 
confirmed the trends 
of the reference case, 
mainly scaled down to 
lower velocity. The 
absolute speed value 
has little influence on 
the flow development 
of this model. The 
speed profile remains 
similar and scalable. 

Fig. 7. (a) Vertical velocity profile v(z) at x = 7 mm for two top speeds v0=1.5 m/s and 
v0=0.75 m/s, at t=1 ms and t=5 ms, and corresponding mass flow redistribution; (b) surface 
velocity profile v(x) for v0=1.5 m/s and v0=0.75 m/s, at t=1 ms and t=5 ms 
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Beside different top speed, also different viscosity was proven to confirm the trends, leading to a 

flatter vertical speed profile for double viscosity and to a steeper profile of similar type for half viscosity. 
 
5. Theoretical description and discussion 

 
The above results on the studied high speed regime A are essential when brought into context with the 

whole laser hybrid welding process, as shown in Fig. 8. The first, outer part of resolidification takes place 
at the borders of the leading melt pool, generated by the electric arc. The second, central part of the 
resolidification takes place at the borders of the long, more narrow weld pool tail. Just behind the keyhole 
very high melt flow velocity became evident by high speed imaging, originating from acceleration by the 
strong magnetic forces of the leading arc. The very high velocity corresponds to a shallower melt pool, 
hence maintaining the mass balance for the observed quasi-steady-state flow along the tail. Because the 
melt surface level is below the sheet surface, possible undercut formation that has already started at the 
leading wider pool can here further develop during resolidification. The very high melt speed is slowed 
down for a first time by viscosity that redistributes the very high velocity of a thin upper layer to the large 
bulk of the weld pool that moves slightly faster than the solid welding speed, being the basic findings 
from the above simulation.  
     Since the overall speed of the melt (and in turn the mass flow) is still significantly higher than the 

welding speed, the surface is still at low level. The borders 
of the long weld pool tail continuously solidify inwards, 
growing the weld, as schematically visualized in Fig. 8 by 
its cross sectional shape. The elevated speed of the weld 
pool disturbs and delays the solidification growth of the 
metal, still supporting undercut growth, and it adds 
convective heat transfer, being a cause for the very long 
weld pool tail. Towards the rear of the weld pool tail the 
bulk further slows down, accompanied by gradual 
elevation of the melt pool surface, at a certain point 
exceeding the sheet surface level, i.e. the undercut growth 
turns into building up of the central reinforcement peak. 
While the cross section becomes smaller and the speed 
lower, at the tail of the weld pool the melt velocity is 
strongly slowed down a second time, now to the final 
welding speed, accompanied by elevation to the final 
reinforcement peak in the centre. 

Owing to quasi-steady state conditions, exchange 
between high speed and high cross section (surface level) 
takes place. The initially very high speed causes a low 
surface level that supports the growth of undercuts. The 
high speed contribution is in two slow-down zones 
transferred to larger cross section, eventually lifting the 

melt over the steel surface level. However, this slow 
down and transfer happens slowly, as shown by the 
numerical simulation, hence pronouncing the undercut 
growth for a while, before the reinforcement peak is built. 
The global thermodynamics is delayed towards a longer 
pool tail and slower resolidification.  

Fig. 8. Illustrative theoretical description of the hybrid 
laser-arc weld pool tail mechanisms: (a) weld cross 
sections (material top, left half, ref. Fig. 1(a)) showing 
the mass redistribution and resolidification along the 
weld pool; (b) weld pool image; (c) long section of the 
weld pool (central plane); (d) indication of mass 
redistribution along the weld through velocity and cross 
section changes 
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Further numerical and experimental studies are needed for complete understanding of the formation of 

the undercuts and of the reinforcement. These are two essential weld quality criteria that have strong 
impact on the strength, as stress raisers and for fatigue crack propagation. However, from the above 
described wider context of the mechanisms in the weld pool tail and from the findings of the present 
study several hypotheses can be postulated on how to suppress undercut formation, e.g. reduction of the 
top speed through optimized magnetic arc forces, trailing arc, or matching the laser and arc parameters. 
 
6. Conclusions 
 
(i) Hybrid laser welding with leading arc tends to undercuts despite excess of material from the wire. 
(ii) From high speed imaging very high velocity of the melt surface at the beginning of the long tail was 

discovered, rapidly slowing down in two stages. 
(iii) The melt speed reached 1.0-2.2 m/s, here a factor 29-61 times the welding speed, probably driven by 

the arc pressure. 
(iv) Numerical simulation of the flow field has shown that the mass flow of the high-speed-layer rapidly 

is redistributed to the much thicker melt bulk, increasing the bulk velocity above the welding speed. 
(v)  This trend is different to other high velocity phenomena such as Marangoni convection; the 

behaviour remained similar for different viscosity or top speed. 
(vi) We postulate the hypothesis that higher bulk speed elongates the pool and delays lateral 

resolidification, favouring flow to the centre which emphasizes the central weld peak and undercuts. 
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Abstract 
 
A laser clad cylindrical structural steel rod was fatigue tested under four-point bending 
load. The resulting fracture could be tracked back to a spherical surface pore in the Co-
based coating. Due to an oxide inclusion the pore was invisible. Two circular buckling 
strain patterns that were detected beside the pore at the surfaces after fracture confirm 
local plastic deformation prior to crack initiation. In order to calculate the stress field 
around the surface pore, linear elastic finite element analysis was carried out. For four-
point bending load a surface pore generally exceeds the maximum stress of a smooth 
rod as long as the pore is located within an azimuthal angle of  55º, which was the 
case for the presented as well as for another pore-initiated sample.  
 

Keywords: pore; inclusion; laser clad; Co-based coating; fatigue cracking 
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1. Introduction 
 
Various machine elements, like cylindrical rods, are coated in order to improve their 
wear and corrosion resistance. Laser cladding is a technique that deposits metal 
powder on a laser-melted substrate, either by blowing or preplacing the powder.1 
Owing to remelting of the top layer of the substrate, such coatings are metallurgically 
well bonded. Therefore, the adhesive strength is much better for laser clads than for 
many other coating techniques such as plasma spraying or cold metal deposition.2 
With this technique, a wide variety of materials has been successfully deposited as 
coating on the substrate, such as Co-based hard facing alloys,3-5 Ni-based alloys,6-7 or 
composites.8 Thus laser cladding is becoming widely used in many industrial 
applications such as automotive, railway etc due to its high corrosion and wear 
resistance characteristics. 
  

In spite of a significant increase in corrosion or wear resistance characteristics, thin 
layers, strong bonding and high density, laser cladding technology has some essential 
drawbacks. During laser cladding, a large mismatch in thermo-physical properties 
between the substrate and clad material along with steep temperature gradients often 
results in the development of residual stress at substrate/clad interface. The ripples 
from overlapping clads create a rough surface that generates stress peaks during 
fatigue loading condition which can initiate cracking.9 Despite higher homogeneity 
than other techniques, the cladding process can generate defects such as lack of fusion, 
hot cracks, pores or inclusions, both at the layer-substrate interface and inside the clad 
layer, and particularly at the interfaces of overlapping layers. The physical 
mechanisms of blown powder laser cladding can be explained by a mathematical 
model.10 Pores in the laser clad layer were detected and partially explained by Vedani 
et al.11 Although the present paper studies a pore filled with oxide, which is usually 
called an inclusion, we prefer to call it a pore as weakly bonded fillings have a 
minimal impact on stress raising, as simulations have shown. The presence of a 
spherical cavity in the metal body is the essential feature under discussion. The effect 
of pores and their locations on fatigue crack initiation has been analysed numerically 
by several researchers, mainly for pores in cast alloys. Fan et al.12 studied by Finite 
Element Analysis (FEA) the plastic shear strain range as a function of the distance of a 
pore from the surface. They found that the plastic shear strain range increased 
significantly as the pore approached the free surface, particularly when the pore 
reaches the surface, until a plastic limit is reached. Other researchers have also shown 
through fatigue testing that fatigue cracks were most likely initiated from those pores 
that were just buried beneath the surface.13 Li et al.14 performed FEA on the pore 
position which indicated that stress/strain concentrations reached their peaks when a 
pore of 200 μm in diameter was just buried beneath the surface. But Xu et al.15 
confirmed numerically that pores even smaller than 200 μm buried just beneath the 
surface or with their top half intercepting the free surface are equally critical for 
fatigue crack initiation. They have concluded that the pore size only increased the zone 
of high stress/strain concentration around the pore in the surface but did not affect the 
maximum stress involved. Recent studies by Murakami16 have also confirmed that 
crack initiation is strongly influenced by the shape of cavities/pores. The size of pores 
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does not alter the maximum stress but it strongly influences the fatigue limit. Once the 
crack has initiated from inhomogeneities, inclusions or other defects, the size of the 
crack determines the stress intensification at the crack tip and accordingly the 
threshold condition for propagation.  

 
While most studies concentrate on homogeneous materials and load situations, we 

present  here evidence of fatigue cracking initiated from an oxide filled surface pore, 
generated in a Co-based laser clad layer, and which experienced asymmetric four-point 
bending load where the azimuthal pore location becomes important.  
 
2. Experimental method 
 
Co-base powder was first deposited on a cylindrical steel rod by laser cladding, then 
the surface was finished by machining and finally the sample was fatigue tested under 
a four point bending load. The fracture surface and its initiating pore were studied by 
microscopy. FEM stress analysis was carried out to calculate the stress field in the rod 
as well as stress raising by a pore.  

 
Laser cladding was carried out using a diode-pumped Nd:YAG laser Rofin-Sinar 

DY044, at Technology Center KETEK Ltd. with a maximum power of 4.4 kW 
(wavelength 1064 nm) and a beam parameter product of 18 mm mrad, delivered 
through a fibre with 600 m core diameter. The experimental set-up consisted of a 
laser integrated with a beam delivery system, co-axial nozzle, powder feeder using 
blown powder technique and a robot controlled workstation. The laser beam was 
focused with 200 mm focal length optics. The defocused beam employed had a 
diameter of 6 mm at the surface of the base material. During the cladding process, the 
cylindrical structural steel S355 rod was rotating relative to the laser beam and the 
blown metal powder of Stellite 21. The chemical composition and the mechanical 
properties of the cladding powder and substrate are tabulated in Table 1 and Table 2 
respectively while experimental parameters used for the study are summarized in 
Table 3. The rod with its radial clad pattern can be seen in Fig 1(a). After cladding, 
half of the 1.5 mm thick deposited layer was machined off, generating a smooth, 0.75 
mm thick clad layer with a surface roughness of Ra = 0.2 m. The dimensions of the 
test specimens were L=580 mm in length and 49.3 mm in diameter (including the 0.75 
mm thick clad layer). From dye penetration inspection after machining, a series of 
surface pores were detected for the here studied sample, however, not the crack 
initiating inclusion. For the second sample presented, process optimization enabled to 
avoid any surface pores, while again an invisible surface inclusion initiated cracking. 
 

Table 1: Chemical composition (wt.-%) of the coating powder and substrate 

Material       Co  C      Cr  Ni  Mn  Si   Mo  Fe  Cu  Al  S 

Stellite 21 (coating)   Base  0.27   25.8   2.41   0.65   0.37   5.39   0.09    –   –    –

S355 (substrate)    -   0.22        1.24  0.3     Base  .04  .025    .02 
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Table 2: Mechanical properties of the coating powder and substrate 
 
Material         E [GPa]  Rp0.2 [N/mm2]  Rm [N/mm2]  A5 [%]  
Stellite 21 (coating)      248    517      724      9  
S355 (substrate)      210    355      470-630    18-22  
 
Table 3: Parameters used for laser cladding 
 
Parameter             Value / type 
Laser power            3.25 kW 
Beam diameter           6 mm 
Traverse speed           1.1 m/min 
Powder feeding rate         30 g/min 
Shielding gas type          Ar 
Gas flow rate            16 l/min 
Lateral clad layer displacement    2 mm 

 
The 4-point bending fatigue test were performed by a servo-hydraulic machine with 

maximum loading of ± 300 kN, at Tampere University of Technology, see Fig. 1(c). 
The four loading points are shown in Fig. 1(b). The clad specimen was tested by 
keeping a constant amplitude stress ratio, R = 0.02 at a frequency of 2 Hz. For a load 
of F=100 kN, 98 112 cycles were counted by the time the rod had cracked across half 
its diameter and the test terminated. As is typical for constant force cycles, the fracture 
took place within a few cycles after crack initiation, and this was confirmed by video 
observation. In total, so far 16 fatigue tests with different forces and materials have 
been carried out, but we focus here on one interesting case where the fracture clearly 
originated from a surface pore. 

 

 

Fig. 1: Fatigue testing set-up; (a) rod after laser cladding, (b) four point bending 
geometry, (c) fatigue test rig. 



Md. Minhaj Alam Paper V: Fatigue Failure by a Surface Pore

 

3. Results and Discussion 
 
Figure 2(a) shows the crack and its location at the rod, being 210 mm from the rod 
end, while the inner bending point C is located at 190 mm. Beside this primary crack, 
labelled D, a secondary crack was initiated, E, at 238 mm, indicated in Fig. 2(a) but 
hardly visible. A longitudinal cross section of the clad layer - Fig. 2(b), shows the 
secondary crack. 
 

  
 

(a)                         (b) 
 
Fig. 2: Ni-base clad steel rod after fatigue testing; (a) primary (D) and secondary (E) 
crack location at the rod, (b) cross section of the machined clad layer around the 
secondary crack. 
 

The primary fatigue crack section of the rod was opened by cutting to investigate the 
fracture surface, the crack initiation point and possible clad defects. The left (L) and 
right (R) fracture surfaces are shown in Fig. 3. A surface pore was detected as crack 
initiator but no other clad defects were identified. The surface pore was located at 
about =5ºazimuthal angle from the central azimuthal location of maximum bending 
stress =0º, see Fig. 3(a). As well as the ratchet lines the rather symmetric geometry of 
the interrupted fracture propagation front confirms the crack origin as the central 
azimuthal region.   

 

 
 

Fig. 3: The two fracture surfaces of the partially fractured rod (diameter 49.3 mm) and 
indication of the pore location; (a) left, (b) right. 
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The asymmetric stress field generated during four point bending of a cylindrical rod 
was calculated by FEM, using ANSYS 13 software.17 The 1st principle stress field for 
a rod with smooth surface is presented in Fig. 4(a). For visualization of the stress field 
inside the rod only a quarter of the symmetric rod is shown. Symmetrical boundary 
conditions are imposed on the central r-z and r-  planes. A linear elastic 3D model 
with 100 kN load was applied. 169 308 10-node-tetrahedral elements with were used. 
The number of elements was increased to 276 490 when refining the mesh around the 
surface pore region. During four-point bending of a cylindrical rod the peak stress 
domain becomes quite extended, as can be seen in Fig. 4(a). Both cracks D and E were 
initiated from within this maximum bending stress region.   

  
Compared to the stress field generated for a smooth surface, defects like a surface 

pore can be regarded as additional stress raisers. As was already simulated earlier (for 
simpler load situations15) and confirmed here, pores close to or at the surface cause 
higher stress than pores deeper in the material. We simulated similar conditions to the 
detected pore through a semi-spherical (half open) surface pore of 200 m diameter 
placed at the axial centre z=0 of the rod, at different azimuthal angles varied from 

=0º to =75º, otherwise keeping the same boundary conditions as for a perfectly 
smooth rod. For =0º the calculated stress field around the pore is shown in Fig. 4(b). 
As can be seen, the surface pore acts as a significant local stress raiser.   

 

   
(a)                   (b) 
 
Fig. 4: Stress field calculated for the laser-clad rod under four-point bending load; (a) 
1st principle bending stress field [MPa] of the laser-clad rod (long section, diameter 
49.3 mm), (b) notch stress field [MPa] due to a 200 m diameter surface pore at =0º. 

 
The calculated maximum stress as a function of the azimuthal angle is shown in Fig. 

5 for the smooth rod compared to one with a surface pore at the respective azimuthal 
position (at z=0). The results show that a central surface pore approximately doubles 
the maximum stress. The surface pore remains a stress raiser that exceeds the central 
maximum stress of the smooth surface up to azimuthal angles of = 55º. Outside this 
range the pore causes lower stress than the maximum central stress of the smooth 
surface, which can be regarded as a safe region. In Fig. 5 the here case of a pore at 

=5º is inserted, clarifying that its impact was particularly strong at this almost central 
location. The location of another pore that initiated fatigue cracking in another sample 
is also inserted. It was again inside the critical range of angles. These calculated 
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azimuthal dependencies have general validity, i.e. the same range remains critical for 
different dimensions and materials as does the relative level of stress raising. This 
criterion has practical importance for static rods but for rotating rods the azimuthal 
location changes continuously. 

 

 
 
Fig. 5: Normalized surface stress (at z=0) as a function of the azimuthal angle, for a 
smooth surface compared to one with a spherical pore; the locations of two pores 
which resulted in fatigue failure during our tests are identified in the figure. 
 

Figure 6(a) shows the surface of the rod around the pore and its fracture. The 
generally straight fracture, with a step, is oriented perpendicular to the rod long axis, 
as already shown in Figs. 2,3. When magnifying the surface region around the pore, 
several details can be seen in Fig. 6(b). The surface is covered by a plastically 
deformed layer from the machining process. The circular hole confirms that part of the 
pore was opened by the machining operation. While for the left hand part (L) of the 
rod the pore (P) is empty, the right hand side (R) is filled by an oxidised inclusion, as 
was confirmed by chemical EDX-analysis (36.56% O, 19.58% Cr, 19.03% Si, 17.50% 
Mn, 4.83% C, 0.39% Na, 0.73% Al, 0.17% Cl, 0.14% Ca, 0.61% Fe and 0.46% Co). 
The inclusion in the pore was generated by a diffusion-driven oxidation process. Due 
to the oxide-inclusion the pore was not visible from the dye penetration test prior to 
fatigue testing. During fracture the oxide obviously cracked off from the L sample. 
Also, in Fig. 6(b) evidence of two circular buckling regions B1, B2 can be seen beside 
the pore, along the crack. This confirms the theoretical mechanisms proposed by 
Xu et al.15 that close-to-surface pores will raise the stress towards local plastic 
deformation. In cyclic loading the plastic deformation during elongation is followed by 
a compression cycle which causes buckling. The circular shape around the two side 
peaks coincides well with Xu's simulations of circular stress field geometry around 
two stress peaks (for a pore like the present one). Accordingly, we scanned the surface 
deformation with an optical 3D profilometer (Wyko NT1100), shown in Fig. 6(c). The 
profilometer utilizes vertical scanning/white light interferometry.9 Beside confirmation 
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of the two buckles and their height levels (max 27.3 μm - the clad layer surface has a 
level of –5 μm), the measurement also confirms that the oxide inclusion in the pore at 
the R-side has experienced a slight deformation or displacement. 

 

 
 
Fig. 6: Plastic deformation at the laser clad rod surface around the surface pore (P) due 
to cyclic loading; (a) top view of  both halves of the surface, L and R, (b) two 
plastically deformed regions (B1 and B2) due to plastic deformation, (c) measured 
clad surface topography around the surface pore region. 
 

Figure 7(a),(b) shows inclined views of the two rod and fracture surfaces L,R around 
the pore. The normal view on the fracture surfaces is shown in Fig. 7(c),(d) where the 
ratchet lines can be easily seen, as clear evidence that the fracture originated from the 
pore. No other pore or defect was found at the fracture surface edges, see also Fig. 3. 
Figures 7(e),(f) show a magnification of the pore, where it can be clearly seen that side 
L is empty (because the inclusion has cracked off during fracture) while side R still 
retains a remnant of the oxide inclusion. The oxide has an inner pore that developed 
during solidification. However, the main stress raiser is the existence of the spherical 
pore which contained the inclusion. As can be seen from comparison with a 150 μm-
circle, the pore shape slightly deviates only slightly from a sphere. Murakami16 
confirms that the fatigue crack initiation is strongly influenced by the shape of the 
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pore. Irregular shaped pores or crack like defects generate higher stress concentration 
which lower fatigue life even more than spherical pores.18  

 

 
 
Fig. 7: SEM pore topography at the left, L, and right fracture sample, R, respectively; 
(a) inclined view L and (b) R; (c) normal view to the fracture surface L and (d) R; (e) 
magnified normal view on the pore at the fracture surface at L, empty, and (f) R, with 
oxide inclusion. 
 

In this case only a small region of the pore was opened at the top which, together 
with the presence of the oxide inclusion would have made visual identification of the 
pore (e.g. by the dye penetration test) very difficult. But even if the pore had not been 
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breached by the machining process it would have had a similar effect on the fatigue 
life of the rod because of its proximity to the material surface. 

Figure 8 shows another near-surface inclusion filled pore detected as the crack 
initiator (note the ratchet lines) in another fatigue tested sample. In this case the 
azimuthal angle was =37º, once again within the critical zone marked in Fig. 3. This 
sample was dye penetration tested before fatigue testing, but no defects were 
detectable on the machined surface because the pore inclusion prevents dye 
penetration. This second pore confirms the critical role of defects at or close to the 
surface. So far 16 samples have been fatigue tested, clearly showing that the two here 
presented fractures that were initiated by surface pores had shorter fatigue life (98 112 
cycles at 319 MPa for the main sample, 16 2000 cycles at 287 MPa for the second 
sample) than other samples (30 3000 cycles at 319 MPa and 21 4491 cycles at 287 
MPa, both non-clad).  

 

 
 
Fig. 8: Fracture surface with ratchet lines of another surface pore with oxide inclusion 
that has initiated fatigue cracking. 
 
4. Conclusions 
 
(i)  Experimental evidence in a laser-clad rod has confirmed that close-to-surface 

pores are critical stress raisers initiating fatigue cracking which have a severe 
effect on the fatigue life of structural components. 

(ii) For a bending load on a non- rotating cylindrical rod a general critical range of 
azimuthal angles of 55º was calculated, in which close-to-surface pores and 
inclusions exceed the surface peak stress, as was confirmed by the two fracture 
cases. 

(iii) Surface pores filled with oxide inclusions can hardly be detected but are same 
critical as empty pores.  

(iv) Circular buckling strain patterns at the top surface around the pore confirm that 
plastic deformation preceded crack initiation; this could be optically monitored in 
operation, as crack announcement alert. 
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Abstract 
 
Fatigue cracking of laser clad cylindrical and square section bars depends upon a 
variety of factors. This paper presents Finite Element Analysis (FEA) of the different 
macro stress fields generated as well as stress raisers created by laser cladding defects 
for four different fatigue load conditions. As important as the defect types are their 
locations and orientations, categorized into zero-, one- and two-dimensional defects. 
Pores and inclusions become critical close to surfaces. The performance of as-clad 
surfaces can be governed by the sharpness of surface notches and planar defects like 
hot cracks or lack-of-fusion (LOF) are most critical if oriented vertically, transverse to 
the bar axis. The combination of the macro stress field with the defect type and its 
position and orientation determines whether it is the most critical stress raiser. Based 
on calculated cases, quantitative and qualitative charts were developed as guidelines to 
visualize the trends of different combinations. 
 
Keywords: fatigue load; laser cladding; defect; stress analysis; stress raiser 
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1. Introduction 
 
Laser-clad bars were studied with respect to different aspects that influence the 
maximum stress level and in turn the fatigue life for particular load conditions, 
material defects types and defect location. 
 
The technique of laser cladding deposits a desired material onto the surface of a 
substrate to form a metallurgically sound and dense clad layer [1-3]. This process is 
widely accepted due to its integral metallurgical bond between the clad layer and the 
substrate, a narrow intermixing zone (with a gradual change of composition from the 
substrate to the surface), limited heat load and thus minimal distortion of the clad 
components and laser coatings are susceptible to cracking due to fast cooling rate [4]. 
With this technique, a wide variety of materials has been successfully deposited on 
various substrates, such as Cobalt (Co)-based hard facing alloys [5-7], Nickel (Ni)-
based alloys [8,9], or composites [10] and by the addition of hard Tungsten Carbide 
(WC)- or Titanium Carbide (TiC)-particles. Therefore laser cladding techniques are 
used in many industrial applications to improve the functional properties of the surface 
(such as the resistance to corrosion, wear, or high-temperature oxidation) by 
depositing high-performance material. Laser cladding has also been used to 
repair/restore original geometries and functionalities of a damaged base material and 
occasionally to recover a undersized expensive material or product due to machining 
or grinding errors [11,12]. 
 
Although laser cladding is used to improve the functional surface properties or to 
refurbish worn-out parts, it has some essential drawbacks. In the as-clad components 
the overlapping clad traces generate a wavy surface with sharp notches. Low side-bead 
angles and surface ripples from overlapping clads creates a rough surface that 
generates stress peaks during fatigue loading conditions which can initiate cracking 
[13]. Resch et al. [14] identified different types of surface roughness governed by 
different levels of powder feed rate. A low feed rate yielded smooth surfaces due to 
substantial remelting of previous layers while high feeding rate caused high roughness 
and an increased susceptibility of defects due to minimal substrate melting. During 
laser cladding, a large mismatch in thermo-physical properties between the substrate 
and clad material along with steep temperature gradients often results in the 
development of residual stress at the substrate/clad interface [15]. Despite higher 
homogeneity and density than other techniques, the cladding process can generate 
defects such as Lack of fusion (LOF, hot cracks, pores or inclusions, both at the layer-
substrate interface and inside the clad layer, and particularly at the interfaces of 
overlapping layers. Basically these pore and void defects can be divided into three 
categories: inter-track, inter-layer and intra layer defects [16]. Inter-track porosity is 
caused by the horizontally aligned or offset tracks of incompatible aspect ratios. It 
forms near the base of deposited tracks [2]. Inter-layer LOF porosity is caused by 
incomplete bonding between vertically aligned deposits [17]. The orientation of LOF 
relative to the loading direction plays an important role on fatigue life [18], which is 
described in this paper.  Intra-layer porosity is often a spherical area of porosity within 
a layer. It is most commonly attributed to small amounts of trapped gas or oxide 
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between the powder particles [19], but a study of laser welding indicated that it can 
also be caused by the presence of moisture in industrial-grade shroud gases [20]. The 
effect of pores and voids and their location on fatigue crack initiation and propagation 
has been analyzed experimentally and numerically by several researchers. Tensile 
testing to examine the fatigue mechanism [21-24] showed that crack initiation occurs 
at pores or pore clusters located on or beneath the surfaces. Many authors 
[21,22,25,26] agree that stress concentration at pores, particularly surface pores, is 
responsible for localized slip, leading to crack initiation. Fan et al. [27] studied by 
Finite Element Analysis (FEA) the plastic shear strain range as a function of the 
distance of a pore from the surface. They found that the plastic shear strain range 
increased significantly as the pore approached the free surface, particularly when the 
pore reaches the surface, until a plastic limit is reached. Li et al. [28] performed FEA 
on the pore position which indicated that stress/strain concentrations reached their 
peak when a pore of 200 μm in diameter was just buried beneath the surface. Xu et al. 
[29] also confirmed numerically that pores even smaller than 200 μm, buried just 
beneath the surface or with their top half intercepting the free surface are equally 
critical for fatigue crack initiation. They have concluded that the pore size only 
increased the zone of high stress/strain concentration around the pore in the surface but 
did not affect the maximum stress involved. Recent studies by Murakami [30] have 
also confirmed that crack initiation is strongly influenced by the shape of 
cavities/pores. The size of pores does not alter the maximum stress but it strongly 
influences the fatigue limit. Once the crack has initiated from inhomogeneities, 
inclusions or other defects, the size of the crack determines the stress intensification at 
the crack tip and accordingly the threshold condition for propagation. Crack-like 
defects (such as LOF or hot cracks) are even more critical. A 45 years old gas pipeline 
was blown out at a longitudinal submerged arc weld joint due to sudden crack 
propagation from LOF [31]. Li et al. [32] also confirmed that crack-like defects have 
the most significant effect in decreasing the fatigue life of welded specimens. 
Spherical pores also contributed to a decrease in the fatigue life of welded specimens, 
although not as significantly as crack-like defects.   
 
The motivation of the present study was the fatigue testing of laser-clad bars for 
different load conditions that are representative for specific industrial applications. In 
particular, the macro stress field from the fatigue load conditions is regarded as the 
global stress environment in which various kinds of defects can act as significant stress 
raisers, also depending on their geometrical situation.  
 
2. Method 
 
For cylindrical and square bars, two material combinations and four load situations 
(expressed as standard testing methods) were investigated. Co-base powder (Stellite 
21) and Ni-base powder (Inconel 625) were deposited on structural steel (S355) bars 
and on hardened and tempered steel (42CrMo4) bars by laser cladding. Subsequently, 
the surface was finished by machining, retaining a smooth 0.75 mm thick clad layer 
(of originally 1.5 mm). Finally, the samples were fatigue tested. So far, fatigue testing 
has been carried out for two of the four load situations. Comparisons with uncoated 
bars of the base metals were also carried out. Fracture surfaces and polished cross-
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sections were studied by optical microscopy and Scanning Electron Microscope 
(SEM).  
  
Finite Element (FE) stress analysis was carried out for the following four different 
load situations to calculate their macro stress fields; (i) axial fatigue load on a standard 
dog-bone specimen (representing a cylindrical bar), (ii) four-point bending fatigue 
load on a square bar, (iii) four-point bending fatigue load on a cylindrical bar, (iv) 
torsional fatigue load on a standard dog-bone specimen (again representing a 
cylindrical bar). In addition, the stress field generated by local cladding defects was 
calculated by simplified FE-analysis.  
 
Laser cladding was carried out using a diode-pumped Neodymium-Doped Yttrium 
Aluminum Garnet (Nd:YAG) laser (Rofin-Sinar DY044, at the KETEK Ltd. 
Technology Center) with a maximum power of 4.4 kW (wavelength 1064 nm) and a 
beam parameter product of 18 mm mrad, delivered through a fiber with 600 m core 
diameter. The experimental set-up consisted of a laser integrated with a beam delivery 
system, a co-axial nozzle, a powder feeder (blown powder technique) and a robot 
controlled workstation. The laser beam was focused with optics of 200 mm focal 
length. The defocused beam employed had a diameter of 6 mm at the sample surface. 
Thus far, only the cylindrical laser clad rod has undergone four-point bending fatigue 
tests and the dog-bone specimen has undergone torsional fatigue tests. During the 
cladding process, cylindrical rods of structural steel S355 (Young’s modulus E = 208 
GPa) and tempered steel 42CrMo4 (E = 211 GPa) were rotated relative to the laser 
beam. The blown metal powder deposited by overlapping lateral clad layers was 
Stellite 21 (E = 248 GPa) and Inconel 625 (E = 208 GPa), respectively. The 
experimental parameters used for the study are summarized in Table 1. After cladding, 
half of the 1.5 mm thick deposited layer was machined off, generating a smooth, 0.75 
mm thick clad layer with a surface roughness of Ra = 0.2 m. The dimensions of the 
axial fatigue, four-point bending fatigue and torsional fatigue test specimens were 
selected according to ASTM:E466-07, DNV-M3 [33] and ISO 1352:2011[34] 
respectively. The length and the narrow section diameter of the dog-bone axial fatigue 
test specimen were 283 mm and 20 mm while the length and the narrow section 
diameter of the dog-bone specimen for torsional fatigue tests were 200 mm and 32 mm 
respectively. For the four-point bending fatigue test specimen, the cylindrical rods are 
580 mm in length with 49.3 mm diameter while the square bars are (length  width  
thickness) 340  60  30 mm3.  
 
Table 1: Parameters used for laser cladding 
Parameter             Value / type 
Laser beam power (cw)       3.25 kW 
Beam diameter           6 mm 
Traverse speed           1.1 m/min 
Powder feeding rate        30 g/min 
Shielding gas type         Ar 
Gas flow rate           16 l/min 
Lateral clad layer displacement   2 mm 
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Four point bending fatigue testing on cylindrical bars was performed by a servo-
hydraulic machine (maximum force amplitude ±300 kN, at Tampere University of 
Technology). Uncoated and laser clad specimen were tested by keeping a constant 
amplitude stress ratio, R = 0.02 at a frequency of 2-3 Hz at a load range of 80-160 kN. 
In these experiments, the force control principle has been applied. As is typical for 
constant force cycles, once cracking was initiated the fracture took place rapidly, 
within a few cycles, as was confirmed by video observation. In total, so far 16 fatigue 
tests with different forces and materials have been carried out. 
 
Torsional fatigue test were carried out with a position controlled servo-hydraulic 
machine (max. ±150 kN, 2-3 Hz) at CENTRIA, Kokkola on standard specimens to 
ISO 1352:2011 [34]. The experiment was conducted by using the constant amplitude 
angular displacement control principle. The substrate and clad specimen were tested at 
a displacement range of 3.250-4.875 mm. In this case, owing to the angular 
displacement control principle, the fracture grows very slowly. The early crack stages 
are difficult to notice. So far nine fatigue tests have been performed on uncoated and 
on Inconel 625-coated 42CrMo4-specimens. To be able to plot a Wöhler diagram 
based on a sufficient amount of statistical data, a few more samples are scheduled for 
future fatigue testing. 
 
All FEA has been carried out with the software code ANSYS 13 [35]. To calculate the 
macro stress field, a linear elastic 3D-model with 100 kN load was applied to the dog-
bone specimen for axial fatigue load, and to the cylindrical rod for four-point fatigue 
bending. 10-node-tetrahedral elements were used for meshing. A linear elastic 2D-
model was developed by applying the same 100 kN load to a square bar for four-point 
fatigue bending, with the clad at the bottom. Plane 2D-8 node elements were used in 
this case. For torsional fatigue test simulation a dog-bone ISO 1352:2011[34] standard 
specimen were modeled using Multi Point Constraint elements (MPC) where a torque 
is applied in a single element. Details about this technique can be found in [35]. In all 
the above mentioned simulations, Stellite 21 for the clad and S355 for the bar were 
applied because the difference in E-modulus for this material combination is higher 
and therefore more critical than for the other combinations of materials. 
 
For calculating the stress concentration factor due to cladding defects, extensive 
FE-simulation was carried out to analyze and compare the severity of the different 
defects on fatigue life. Firstly, the wavy as-clad surface and the wavy clad-substrate 
interface were regarded as wavy geometry defects that were modeled for local 
specimen cells of dimension 5  5  5 mm3 under axial loading. Symmetric boundary 
conditions were imposed on the xy-cross section, lateral to the load direction. In the 
wavy surfaces, the notch radius and bead opening angle were systematically varied. 
Pores in the clad layer, at the top surface and at the side edge (square bar) were 
modelled at different distances from the surfaces. The same specimen dimensions and 
boundary conditions as for the wavy geometries were again imposed here. Note that 
the pore was half open when studied at the surface. A pore diameter of 200 μm was 
used for all calculations. The pore location was systematically changed from the 
substrate-clad interface to the clad surface for in-clad and side edge pores. For 
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cylindrical bars under four-point bending load the surface pore position was also 
varied in the azimuthal direction. 
 
Planar defects such as LOF and hot cracking were modelled using Linear Elastic 
Fracture Mechanics (LEFM) analysis. Such defects that are extended in two 
dimensions can be regarded as propagating cracks. The simulation of the fatigue crack 
propagation consists of two processes: Modelling and meshing was carried out by the 
software code ANSYS 13 [35] while simulation and analysis was carried out by the 
code FRANC2D [36]. A 2D plane strain FE-model was used for the LEFM 
calculations. The initial crack was placed at the clad-substrate interface as horizontal 
LOF or as a perpendicular hot crack. An initial crack length of ai = 0.1 mm, a final 
crack length of af =1.3 mm and a crack propagation increment of a = 0.1 mm in each 
step were selected.   
 
3. Results and discussion 
 
In the following, first the different loads and their induced macro stress fields will be 
presented, followed by descriptions of the effects of a variety of stress raisers. 
 
3.1 Macro stress field 
 
The macro stress field generated by four different fatigue load cases will now be 
presented namely; an axial load of a cylindrical bar, four-point bending of a square bar 
and a cylindrical bar and torsional load of a cylindrical bar.  
 
The longitudinal section of an ASTM:E466-07 testing sample representing a laser clad 
cylindrical bar under axial fatigue load is shown in Fig. 1(a). The 1st principle stress, 
calculated by FEA, shows a widely homogeneous stress level along the central 
(representative) cylindrical bar. The two stress peaks that can be seen originate from 
the curvature of this standard dog-bone geometry. For a larger radius of the curved 
part these peaks would be significantly lower. Hence, for axial fatigue loads, defects 
always experience the same stress from the macro field independent of their axial (z), 
radial (r), or azimuthal position ( ). Nevertheless, the position can have an impact due 
to its distance to the surface or its orientation relative to the load direction. 
 
In Fig. 1(b) the 1st principle stress field, computed for a four-point bending test sample 
of a square bar, is shown from the side. The 0.75 mm thick laser clad layer is located 
at the bottom where the stress field remains almost constant over a wide axial range 
while it rapidly decays in vertical direction, x. Thus, the vertical position of a clad 
layer defect can be very important (however, laser clad layers are often very thin) 
while the influence of the axial position is small over a wide range. In the lateral 
direction the stress field remains constant. Nevertheless, as will be shown later, the 
side edges of a square bar can have significance for defects located close to the 
surface. If the product has no significant clad defects the region of maximum macro 
stress will initiate cracking, as a benchmark for the stress raisers discussed below.  
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(a)                      (b) 
 
Fig. 1: Calculated 1st principle macro stress field (in MPa); (a) during axial fatigue 
loading of a cylindrical laser clad bar, (b) during four-point bending fatigue load of a 
square bar, laser clad at the bottom. 
 
The cylindrical laser-clad rod with its radial clad track pattern can be seen in Fig 2(a). 
The four loading points are shown in Fig. 2(b) and their corresponding fatigue test 
equipment can be seen in Fig. 2(c). The corresponding stress field for a cylindrical 
laser-clad bar under four-point bend fatigue loading (note the force locations B,C) is 
shown in Fig. 2(f), for a longitudinal section of half the bar length. While in the 
longitudinal section the stress field is similar to the square bar, the circular geometry 
induces a strong azimuthal decay of the surface stress field, as described in another 
study [39]. Again, in the central region the surface stress field varies only weakly in 
the axial direction, while in the outer axial regions it drops rapidly. The location of a 
defect can become important for the radial direction where the stress field strongly 
decays. A cylindrical laser-clad bar after fatigue testing is shown in Fig. 2(d), where, 
beside the main fracture, a secondary crack was detected, note also their positions, 
labelled D and E in Fig. 2(d). The propagation of the secondary crack through the clad 
layer is shown in Fig. 2(e) where also the lateral orientation of the clad layers can be 
seen from the wavy interface. Here the clad layer surface is smooth due to post-
machining (before fatigue testing). 
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Fig. 2: Four-point bend fatigue load of a cylindrical laser-clad bar; (a) rod after laser 
cladding, (b) four point bending geometry (force F, rod length L), (c) fatigue test rig, 
(d) cracked specimen, (e) clad layer cross section with seconday crack propagation, (f) 
1st principle macro stress field (in MPa; longitudinal section of the bar, cut in half). 
 
Figure 3(a) shows the torsional fatigue test rig. In Fig. 3(c) the ISO 1352:2011 [34] 
standard test sample of a cylindrical laser-clad bar under torsional fatigue loading can 
be seen. Crossing crack patterns, which are typical for torsional loads, can be seen. 
The propagation of multiple cracks through the laser clad layer is shown in Fig. 3(d). 
Note that torsional fatigue testing was carried out with constant displacement control 
while for the four-point bending tested cylindrical rod the force was controlled. 
Therefore, in this case, the fatigue growth and fracture takes place much slower. From 
the calculated shear stress field, see Fig. 3(b), it can be seen that neither the axial nor 
the azimuthal position of a defect would be critical in the representative central 
cylinder region, while a strong radial stress field decay can be seen towards the centre. 
 
One additional macro stress field to be considered is the residual stress of the base 
metal and that generated during laser cladding and post-machining. In the present 
study the residual stress field was measured close to the surface for selected samples. 
In all samples (including clad/machined as well as clad/machined/post-heat-treated) 
tensile stress was measured. 
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Fig. 3: Torsional fatigue load of a cylindrical laser-clad bar (dog-bone); (a) torsional 
fatigue test rig, (b) 1st principle macro stress field (in MPa; longitudinal section of the 
dogbone test sample), (c) cracked specimen, (d) clad layer cross section with multiple 
crack propagation.   
 
The results for four-point bend fatigue tests of cylindrical bars are shown as SN-curves 
in Fig. 4. For Stellite 21-cladding of structural steel, Fig. 4(a), the laser clad sample 
had a shorter fatigue life than the uncoated base material. However, only a few data 
points are available and two of the three laser-clad fractures were induced by surface 
pore defects, as described in detail in another study [37]. In contrast, for 42CrMo4-
steel the Inconel 625 cladding has significantly enhanced the fatigue life, see Fig. 4(b). 
Hence, the material combinations, despite having rather similar properties, have 
significant influence on the fatigue life. 
 

  
(a)                     (b) 
 
Fig. 4: SN-curves comparing the four-point bending fatigue life of laser clad (red, 
solid) with non-clad (blue, broken) cylindrical bars for (a) structural steel S355 with 
Stellite21-cladding, (b) 42CrMo4-steel with Inconel 625-cladding. 
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3.2 Laser cladding defects 
 
The macro field generated by the fatigue load situation can experience local stress 
raisers through a variety of defects from laser cladding, as illustrated in Fig. 5. 
 

 
 

Fig. 5: Illustration of the laser clad layer cross section, left as-clad and right after 
machining, with the variety of possible defects and their positions. 
 
Micrographs of some of the defects are shown in Fig. 6. We have distinguished three 
categories of defect, long wavy geometries (one-dimensional, 1D), local defects (0D) 
and planar (2D) defects. Long wavy geometries, see Fig. 6(a), are the wavy surface (A 
in Fig. 5) generated by overlapping laser clads, and the wavy interface between the 
clad layers and the substrate (B in Fig. 5). Post-machining would eliminate the notches 
from the wavy surface (A) to a flat surface. Local defects comprise pores, see Fig. 
6(b)-(f), and inclusions, Fig. 6(d),(g). As described in another study [37], for example 
an oxide inclusion such as in Fig. 6(d) will act as a stress raiser similar to a spherical 
cavity while the inclusion substance itself is of minor importance. So the inclusion in 
Fig. 6(d) mainly acts like a spherical pore to the stress field while the inclusion in Fig. 
6(g) acts as a cavity with an irregular, sharp shape [38]. Spherical pores can appear at 
the surface (F in Figs. 5) see Fig. 6(c), and can be detected by the dye penetration test, 
see Fig. 6(b) for a cylindrical bar. Alternatively, the pores can be located inside the 
clad layer (I in Figs. 5) see Fig. 6(f). Moreover, semi-spherical pores J were found at 
the clad-substrate interface, see Fig. 6(e). As illustrated in Fig. 5, pores and inclusions 
can have a variety of critical locations, particularly just below the surface, G, H, and at 
the side edges of rectangular bars, K, L, M, as will be analyzed below. Another 
category is plane-like defects, namely hot cracks, D, see Fig. 6(h) and LOF, C, E, see 
Fig. 6(i). Notches from as-clad surfaces are extended in one direction, but in the case 
of defects that have plane-like non-bonded interfaces their vertical inclination is of 
importance as well as their lateral orientation. The mechanisms for generating these 
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defects are only partially understood and described in literature. However, they are not 
of particular relevance in this stress analysis. 
 

 
 

Fig. 6: Laser cladding defects; (a) as-clad wavy surface A and interface B, (b) 
detection of surface pores F by dye penetration test, (c) surface pore F, (d) surface pore 
F with oxide inclusion, (e) semi-spherical interface pore J between clad layer and base 
material, (f) spherical pore I in-clad, (g) irregular inclusion near the interface, (h) hot 
crack D , (i) interface lack-of-fusion E. 
 
3.3 Stress raisers due to cladding defects 
 
For the defects described above, extensive numerical stress analysis was carried out, 
see Fig. 7, in order to qualitatively and quantitatively assess their stress raiser role. For 
a certain location of a defect, the corresponding stress level from the macro stress field 
is the local reference environment for stress raised by the defect shape. The three 
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categories of defects are defined through their geometrical extensions. They 
correspondingly experience a point (0D), linear (1D) or planar (2D) macro stress field.  
 

 
 

Fig. 7: Local 1st principle stress field (in MPa) for various laser clad defects; (a) wavy 
interface clad-substrate B, (b) as-clad wavy surface A, (c) semi-spherical interface 
pore clad/substrate J, (d) spherical in-clad pore I, (e) spherical in-clad pore G buried 1 
μm underneath the surface, (f) semi-spherical surface pore F, (g) interface pore M half 
open at the side edge, (h) pore K half open at the side edge and 1 μm underneath the 
top surface.     
 
Examples of calculated stress concentration factors Kt, or stress intensity factors KI for 
planar defects (because they act like propagating cracks), for different defect types and 
their geometrical variation are inserted on a common scale in Fig. 8, for direct 
comparison. In the following section the simulation results and trends for each of the 
above defects will be briefly discussed.  
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Fig. 8: Stress concentration factor and stress intensity factor for various clad defects 
and their geometry variations. 
 
The wavy as-clad surface acts as a series of notches, described by the contact angle 
and bead radius, causing a stress field around each notch according to Fig. 7(b). The 
long notches can experience very different stress levels from the macro field. The 
stress concentration factor can be strongly modulated by the notch angle and radius, as 
shown in Fig. 9. Compared to other defects like pores, in the simulations the sharpest 
as-clad notch reached the highest stress concentration factor in Fig. 8. Post-machining 
eliminates this mechanism, and was carried out here for all fatigue testing samples. 
 

 
 
Fig. 9: Stress concentration factor of a wavy as-clad surface A as a function of the clad 
bead angle for various notch radii R. 
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The wavy interface clad-substrate merely achieved a stress concentration factor up to 
Kt = 1.1 and is not critical. The maximum stress was not generated at the sharp 
interface edges but at the rounded bottom, see Fig. 6(a). The peak stress is mainly 
governed by the different E-modulus of the clad layer and the substrate.  
 
As mentioned above, stress raising from spherical pores, see Fig. 6(d), will depend 
strongly on the location in the macro-field (e.g. azimuthal angle for cylindrical bars 
under four-point bending load [37], see Fig. 8) and on the pore location relative to the 
surfaces, see Fig. 8 (“clad pore”). As shown in an earlier simulation [29], pores 
generate a maximum stress when just buried underneath the surface, Figs. 6(e),7 (“In-
clad”). Pores deeper below the surface or more open, see Fig. 6(f), have lower the 
stress raising effects. Stress raising by a pore is independent of its diameter. As 
mentioned above, inclusions within a spherical pore have very little effect on the stress 
raising property of that pore but non-spherical cavities or inclusions with sharp 
corners, see Fig. 6(f), can be critical stress raisers. Due to their large variety these were 
not simulated here [38]. 
 
While for the cylindrical bar the azimuthal position of a pore can be important, for a 
square bar any pores close to the side edges experience an additional stress raiser. The 
stress concentration factor of a pore semi-spherically open to the side edge, L in Fig. 5, 
is shown in Fig. 10 as a function of the depth below the surface. As in the case without 
the edge, a peak is achieved when the pore is just below the surface, as shown in Fig. 
7(h). If located in the clad layer, the edge pore L and the in-clad pore I have almost the 
same stress concentration factors. Close to the clad layer surface the edge pore 
achieves significantly higher values, due to the combined impact from two surfaces.  
 

 
Fig. 10: Stress concentration factor as a function of the pore centre position in depth D, 
normalized by the pore radius R for a regular in-clad pore and for a pore semi-open to 
the side edge. 
 
Another special case is the semi-spherical interface pore J, see Figs. 5,6(e). The semi-
spherical interface pore causes lower stress concentration than a semi-spherical surface 
pore, both in-clad, see Fig. 7(c) and at the side edge, see Fig. 7(h), as shown in Fig. 8. 
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A plane-like defect can be regarded as a crack and is therefore described by the stress 
intensity factor KI, as shown in Fig. 8. Horizontal LOF defect E, inclined LOF C and 
vertical hot cracks D achieve increasing KI-values in that order. Beside the impact of 
this angle relative to the clad interface, the horizontal orientation of the clad relative to 
the bar axis is also of importance. As for the wavy clad surface A, the planar defects 
are most critical across the bar and their effect gradually decreases when inclined more 
towards the bar axis, and finally have no effect when in parallel. Figure 11(a) shows 
how an inclined LOF defect deviates towards the vertical propagation directions, 
propagating faster to the surface than to the inner regions of the bar. The kink angle for 
incremental crack propagation, Fig.11(b), shows that the horizontal LOF has to start 
with strong kink angle deviations (which delays the crack propagation) while the 
inclined LOF more rapidly achieves straight vertical propagation and the vertical hot 
crack keeps in its direction. A planar defect from the surface (e.g. cold lap or LOF 
from the as-clad notch) can be regarded as a special case, propagating solely into the 
material. 

 
 

Fig. 11: (a) Fatigue crack propagation from inclined LOF at the interface, (b) kink 
angle variation as a function of crack length generated from a vertical hot cracking and 
from inclined as well as horizontal LOF. 
 
3.4 General description for stress raisers of laser clad bars 
 
A general description of the combined view of stress raisers is illustrated in Fig. 12 as 
a Tuning Flow Chart, TFC, a method developed recently [39]. It summarizes that the 
most critical stress is generated by a combination of the macro-stress field, the 
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respective defect type and its specific role, plus the defect-specific geometry, location 
and orientation. The arrows indicate the direction of change of a property to tune the 
peak stress to a lower level. The TFC is recommended as a general guideline to 
understand and reduce stress raisers.  
 

 
 
Fig. 12: Systematic Tuning Flow Chart, TFC, describing the combination of different 
stress raiser mechanisms of laser clad bars under fatigue load; arrows indicate 
lowering of the peak stress 
 
4. Conclusion 
 
The fatigue crack initiation and propagation of laser clad cylindrical and square bars 
depends upon a variety of factors. Based on the experimental results and FE analysis, 
the following conclusions can be drawn: 
 
(1) Fatigue cracking of laser clad bars is initiated from the maximum stress location 
that depends on the macro load conditions plus stress rising from the defect with the 
most critical combination of type, location and orientation. 
 
(2) From its surface maximum, the macro stress field strongly decays in the vertical 
direction for bending or torsional loads, while an axial load tends towards uniform 
stress throughout. 
 
(3) Laser clad defect types can be characterized as 0D-pores/inclusions, 1D-clad 
waviness or 2D-planar defects. 
 
(4) Semi-spherical pores at the clad-substrate interface or spheres in the clad layer are 
the least critical; pores become increasingly critical if just below the surface or just 
intercepting it, strongly raising the stress the shorter this distance is; towards side 
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edges this surface impact contributes once more, which can cause the most critical 
combination. 
 
(5) The notches from wavy as-laser clad surfaces raise the stress fields – particularly 
for smaller notch radii and angles; a wavy clad-substrate interface is a very weak stress 
raiser; the clad orientation relative to the tensile stress is important. 
 
(6) Planar inner defects like LOF or hot cracks can under load be considered as 
propagating cracks; they accelerate vertically in both directions, but faster towards the 
surface; again the orientation angles are most critical normal to the tensile load, i.e. as 
vertical planes. 
 
(7) For maximum fatigue life of laser clad bars the above critical stress raiser 
combinations have to be avoided. 
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